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Abstract 
Unrestricted use of reclaimed secondary effluents for irrigation is a major goal in 
countries suffering from water shortage. Reverse osmosis desalination is used to 
provide high quality waters with reduced salinity. In order to allow water production 
with high economic efficiency, fouling in the membrane installation needs to be 
minimized. Biofouling, caused by microorganisms synthesizing high-molecular 
biofilms, is of major concern. Biofouling reduces the water production rate and thus 
increases the costs of the process. Deeper knowledge on its formation and its impact 
on membrane performance is needed. This is relevant especially for large-scale 
treatment plants, where process conditions change over length and time and 
influencing factors on fouling formation occur in combination. Thus, in the present 
thesis a membrane test cell was developed which enables the investigation of 
biofouling under validated, representative conditions of full-scale modules. Biofouling 
was studied in order to determine its impact on membrane performance. Also, 
appropriate, cost-effective pre-treatment prior to the reverse osmosis process 
minimizes fouling. Therefore, biofiltration and its suitability as stand-alone pre-
treatment was studied when reusing secondary effluents with reverse osmosis. 
The developed membrane test cell of 1 m length can be assembled with further test 
cells to simulate a spiral wound module alone, as well as several modules in series in 
a pressure pipe. The test set-up enables the systematic study of fouling formation 
integrative over the full length of industrial spiral wound modules. All performance 
parameters (feed channel pressure drop, permeability/flux, and salt passage) can be 
monitored over the full length and locally connected to accumulated foulants (non-
destructive fouling diagnosis). Validation studies demonstrated that the hydraulic 
conditions (relationship between pressure drop and flow velocity, as well as the flow 
profile) are exactly as in real spiral wound modules. Each test cell is a representative, 
validated system of full-scale dimensions and hydraulics. It was further found that for 
fouling formation investigations, feed spacers with the same thickness as the feed 
channel height need to be used. In this way, accurate experimental measurements, 
especially of feed channel pressure drop, are ensured.  
With the developed test cells, the impact of biofouling on membrane performance was 
determined under conditions similar to practice. Biofouling resulted in a decline of all 
membrane performance parameters. Feed channel pressure drop was affected 
earliest and most severely, indicating its suitability as a sensitive biofouling monitoring 
parameter. Salt rejection was moderately impacted by biofouling and influenced by 
- 10 - 
several process parameters, reducing its applicability as monitoring parameter. It was 
further found, that most biofilm accumulated in the lead parts of the membrane test 
cells with a declining gradient towards the tail sections. The gradient of biofouling over 
the length of the membrane installation was directly referred to the declining availability 
of easily assimilable substrate. It emphasizes the importance to reduce the 
concentration of biodegradable nutrients in the feed to the membrane installation as 
suitable strategy to restrict biofouling. The high amount of biofilm deposits in the lead 
parts caused feed channel pressure drop increase over the lead test cell and affected 
negatively the performance of the downstream test cells: The tail test cells showed a 
moderate decline for the permeability (flux) and salt rejection.  
Biofiltration improved the quality of secondary effluents as tertiary treatment. It 
successfully reduced the load of substances (microbes, dissolved organic matter, 
biopolymers, particles) reportedly contributing to fouling of subsequent membrane 
processes. Especially biopolymers of secondary effluents, which are major membrane 
foulants, were identified to be completely biodegradable. The biopolymers were 
estimated to be of colloidal size. Yet, the removal of these organics was suggested to 
be completely caused by biodegradation; neither filtration nor adsorption mechanisms 
played a role to retain biopolymers and dissolved organic carbon within the biofilter. 
However, a combined study of biofiltration and reverse osmosis revealed, that the 
improving effect of biofiltration as pre-treatment on membrane performance was lower 
than expected. Although, both biofouling and organic fouling were reduced on the 
reverse osmosis membrane, only marginal improvement on performance parameters 
was found. The adsorption of small non-biodegradable substances on the membrane 
as an organic fouling layer in the early stages of the process, as well as the difference 
in fouling layer composition were probably reasons for the findings. Thus, the 
successful application of biofiltration as pre-treatment is highly depending on the feed 
water source and the foulant layer formation. For the present case biofiltration as 
stand-alone pre-treatment is not recommended; a combination of biofiltration with 
subsequent e.g. flocculation and UF could be more beneficial. 
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1 Introduction 
1.1 Motivation 
Water scarcity in arid regions of the world urges the utilization of alternative water 
sources to cover the needs for potable water demands. The desalination and 
conditioning of treated municipal wastewaters, so-called secondary effluents, is one 
promising alternative to seawater desalination. Secondary effluents are widely 
available in populated areas and require a lower desalination energy demand due to 
their lower salinity [1, 2].  
For example, in Israel the treatment of secondary effluents is object of new treatment 
strategies. For the coming years it is aimed on increasing the present secondary 
effluents reuse rate from 65% to 90% [3]. In 2010, the Israeli Ministry of Environmental 
Protection revised the standards for effluent quality, such as water quality limits to 
reduce potential damage to the environment. Part of these secondary effluents are 
designed for unrestricted irrigation, implicating the irrigation of vegetables and fruits 
which can be consumed uncooked [4]. However, over the past decades the use of 
secondary effluents for irrigation lead to a soil salinization which even endangers the 
ground water aquifers’ quality [5]. This was due to the reason, that the salinity of 
municipal wastewaters was not removed during primary and secondary treatment. In 
order to meet the regulation standards and avoid further soil salinization using 
secondary effluents for irrigational purposes, a proper desalination of the source with 
reverse osmosis (RO) techniques is crucial. This is possible, since membrane 
technology has widely improved over the last decades and the rather difficult and 
complex treatment of secondary effluents becomes more and more reasonable for 
large scale applications [6].  
Secondary effluents compose a mixture of many different substances of different 
groups, sizes, and characteristics: particles, bacteria, colloidal matter (organic and 
inorganic), dissolved organics, salts, heavy metals, and trace constituents. Some 
organic constituents of secondary effluents, such as disinfection by-products, personal 
care products and pharmaceutically active compounds as well as pathogens are of 
major concern regarding public health [7, 8]. The substances with health concerns are 
to be removed by RO technology. This variety of substances in secondary effluents 
also bears a high potential of fouling formation during the RO membrane process. In 
order to control fouling, membrane cleaning is performed.  
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A deeper understanding of the formation of fouling is needed in order to reduce it. The 
most industrially applied RO configuration is the spiral wound module (SWM). When 
reusing secondary effluents, especially organic and biological substances are causing 
severe fouling in the SWM [9, 10]. The reasons and mechanisms of organic fouling, 
which is mainly caused by organic deposits such as biopolymers and humic 
substances, are widely researched and mostly understood. However, biofouling is still 
of major concern. Biofouling is caused by microorganisms utilizing degradable 
substances and synthesizing high-molecular biofilms. It is known that biofouling is 
influenced by numerous different factors [11-15]. Most of these factors are investigated 
individually in lab scale systems, e.g. [14-18]. However, especially in large-scale 
treatment plants process conditions change over length and time and influencing 
factors occur in combination. It is therefore necessary to increase knowledge on biofilm 
formation and to investigate biofouling under conditions and scales representative to 
practice to determine the impact of biofilm formation on membrane performance. 
Process optimization and fouling minimization can also be achieved by appropriate 
pre-treatment prior to the RO process. When fouling on the RO can be minimized by 
pre-treatment, the costs for cleaning chemicals, energy for water production, as well 
as the membrane damage are lowered. Appropriate, cost-effective pre-treatment 
processes are essential for fouling minimization and economic efficiency of the overall 
process. Technology optimization and the use of different treatment combinations is 
essential in order mitigate fouling of the RO process [7, 19]. Suggested further 
treatment of secondary effluents prior to RO treatment includes conventional 
processes, biological processes or processes with porous membranes, such as 
microfiltration (MF) and ultrafiltration (UF). Ideally, the entire process of pre-treatment 
in combination with RO would remove all suspended solids, dissolved organic carbon 
(DOC), ammonia and phosphate, as well as salinity, viruses, bacteria, 
pharmaceutically active compounds and personal care products from the product 
water [19].  
The combination UF (with integrated flocculation and/or adsorption on powdered 
activated carbon) and RO is reasonable and already applied industrially [20, 21]. 
However, biofiltration represents a promising alternative low-cost pre-treatment option. 
By reducing degradable substances and the retention of particles not only organic and 
particulate fouling could be reduced on subsequent RO membrane processes, but also 
biofouling could potentially be mitigated.  
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1.2 Goals 
The following major goals arise for the dissertation:  
(i) Developing and validating a membrane test cell of representative filtration 
conditions for fouling simulation similar to practice. 
 
(ii) Characterizing biofilm formation in industrial scale RO processes and 
determining its impact on membrane performance. 
  
(iii) Determining the effect of biofiltration as stand-alone pre-treatment on the 
mitigation of (bio-) fouling in RO systems, reusing secondary effluents. 
1.3 Structure of the thesis and tasks 
The thesis is structured in the following way: Chapter 2 gives details on the scientific 
background and current state of knowledge of biofouling in membrane systems and 
biofiltration as pre-treatment technology. The accomplishment of the aforementioned 
goals is implemented within 3 tasks and presented in chapter 3, 4, and 5. Details on 
these tasks are given below. Chapter 6 summarizes the conclusions of the dissertation 
and gives suggestions for further investigations. 
Task 1: In order to investigate fouling under conditions similar to practice in a 
lab environment, an appropriate test system is needed. The objective of task 1 
was to  
 Construct a test cell to investigate fouling and its impact on membrane 
performance by measuring all membrane performance parameters and 
correlating fouling deposits. 
 Validate the test system for being representative to full-scale 
applications (SWM). 
 Allow the investigation of fouling under reproducible and representative 
conditions to practice.  
CHAPTER 3 
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Task 2: A better understanding of biofilm formation requires the thorough 
characterization of biofilms and its impact on membrane performance in SWMs. 
The objective of task 2 was to  
 Investigate biofouling over the length of one RO-SWM (1 m) and over 
the length of one pressure vessel (4 m).  
 Gaining insights on spatial-resolved biofouling and its impact on 
performance parameters under conditions representative to practice. 
 Induce biofouling by dosing an easily assimilable substrate (acetate) in 
various concentrations to the SWM feed water.  
Task 3: Biofiltration has not fully been studied as stand-alone pre-treatment to 
RO systems. In order to investigate its applicability for the mitigation of (bio-) 
fouling, the objective of the task was to 
 Study the removal efficiency and the removal mechanisms of fouling 
causing substances in biofilters.  
 Compare the fouling formation and its impact on membrane 
performance in representative RO test units with and without biofiltration 
as pre-treatment. 
 
CHAPTER 4 
CHAPTER 5 
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2 Scientific background and current state of knowledge 
2.1 Desalination of secondary effluents with reverse osmosis technology 
2.1.1 Processes, modules and configurations in RO membrane desalination plants 
The membrane in membrane separation technology physically rejects unwanted 
substances of the feed current, such as microbes, salts, and organics. The produced 
clean water is the so-called permeate, and the water with the retained substances is 
called concentrate or retentate. The RO or nanofiltration (NF) membranes are dense 
membranes. Compared to pore membranes, such as MF and UF, they have 
microscopically hardly discernible pores [22]. Whereas in NF application both 
convective and diffusive flow through the membrane occurs, in RO applications only 
diffusion through the membrane takes place. Driving force for the mass transport 
through the membrane is the applied pressure. A scheme of the crossflow filtration 
process is shown in Figure 1.  
 
Figure 1:  Scheme of the RO membrane process. The unwanted substances are 
retained in the concentrate (here marked in white), whereas the permeate 
is the cleaned product (e.g. water, marked in blue).  
Among the modules used in reverse osmosis technology for water desalination, spiral 
wound modules are mainly applied due to their high specific membrane surface area, 
lowest flat-sheet membrane production costs, easy operability, and their property of 
easy upscaling. In these elements, the flat sheet membranes are fabricated as closed 
envelopes, which are connected to a permeate-product tube tightly wound around the 
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pipe. A thin mesh between the envelopes maintains the feed channel, keeping the 
membranes apart. Therefore, the mesh is called feed spacer. Industrially applied feed 
spacers range between 0.508-1.194 mm (20-47 mil) [23, 24]. SWM are operated in 
cross flow mode. Both, the 8-inch diameter (0.2 m) and the 16-inch diameter (0.4 m) 
SWM are applied in industry [25]. Figure 2 shows schematically the membrane and 
spacer set-up and the flow direction of the currents.  
 
Figure 2:  Spiral wound RO module with membrane envelope, feed, and permeate 
spacer. The permeated product is removed via collector pipe. 
Scheme: Danilo Diersche. 
For SWM mostly thin film composite (TFC) polyamide membranes are used (91%). 
They consist of 3 layers: the support layer, an interlayer of intermediate thickness and 
porosity and a dense separation layer of minimal thickness. To allow selection of 
monovalent ions with the selective layer, a pore size restriction of 0.6 nm is needed in 
order to achieve 99% rejection [26]. However, some literature sources say that RO 
membranes do not contain open channels for fluid flow [27]. Thus, mass transport is 
best described by the solution-diffusion model. Detailed explanations on the model are 
given elsewhere [28]. TFC membranes have high salt rejection and can withstand high 
net pressure driving forces. Cellulose acetate membranes do have better chlorine 
resistance than TFC polyamide membrane. However, they are usually applied as 
hollow fibers [26].  
Usually in RO- (and also NF) membrane treatment processes spiral wound elements 
of one meter length are used and assembled as 4-8 elements in series in one pressure 
vessel. Some manufacturers even sell membrane elements of 1.5 m length. When 
arranging up to 7 or 8 spiral wound elements per pressure vessel, the investment costs 
in the plant can be reduced since less pressure vessels (mostly made of stainless 
steel) are needed. However, the more elements one pressure vessel has, the larger 
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the flux gradient is between lead and tail element. The flux gradient results from 
pressure losses in the feed channels (spacers) [29].  
Many pressure vessels set in parallel to ensure the desired water production rate are 
called array. Pressure vessels or arrays connected in series are named stages, 
whereas one to 4 stages are the most relevant for water desalination. Here the 
concentrate of one stage is the feed to the subsequent. The more stages are installed 
the higher the recovery of the plant. In order to meet the quality standards it can be 
necessary to further treat the permeate with another RO and thus operating the plant 
with 2 so-called passes. In this configuration the permeate of the first pass is the feed 
to the subsequent [27]. One pass or stage in an array contains 100-200 pressure 
vessels [30]. For example, the desalination plant in Larnaca, Cyprus, treats 54,000-
56,000 m³ d-1. Each of the 6 RO racks has a capacity of 10,000 m³ d-1, arranged with 
120 pressure vessels containing 8 membrane elements each [21]. In order to achieve 
sufficient boron removal, part of the permeate is transferred to a 2nd pass RO. Figure 3 
shows the pressure vessels of Larnaca seawater reverse osmosis (SWRO) 
desalination.  
 
Figure 3:  Larnaca seawater desalination plant, Cyprus: (A) Pressure pipes 
connected in arrays and (B) frontal view on the pressure pipes.  
Recirculation of the concentrate or of the permeate is sometimes required. For other 
purposes, such as remineralization, the permeate is blended with the feed. Calculation 
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programs from membrane manufacturers support the choices of system components, 
materials, and distribution of elements per vessel. Many system design decisions in 
desalination plants are reasoned with reduced investment costs, e.g. reducing the 
number of pressure vessels, but including more membrane area per vessel. However, 
the amount of RO trains, vessels per train and SWM elements per vessel does also 
affect product quality and system recovery and thus the operation and maintenance 
costs of the treatment [31].  
2.1.2 Performance losses due to concentration polarization and fouling 
Performance losses during filtration of secondary effluents or other feed waters in RO 
systems can either be linked to concentration polarization, fouling or to a combination 
of both.  
In close distance to the RO membrane surface, concentration polarization (CP) takes 
place. Convective transport to and hindered back-diffusion from the surface to the bulk 
of retained molecules lead to a concentration increase at the membrane surface. As a 
result, the osmotic pressure increases followed by a salt passage increase. Feed 
spacers create micro turbulences leading to reduced CP and thus enhanced mass 
transfer.  
Due to the hydrodynamic conditions, foulants are also transported to the membrane 
surface. Retained molecules and particles have the potential to adhere on the 
membrane surface as well as on the feed spacers, resulting in performance limitation. 
There are 4 main fouling mechanisms: particulate and colloidal fouling due to 
suspended particles or colloids, inorganic fouling or so-called scaling due to 
precipitated salts, organic fouling due to the adhesion of organics on the membrane 
surface and biofouling due to the growth of bacteria and biofilms. The complex 
development of fouling is impacted by [32] 
 hydrodynamic conditions 
 chemical composition of the feed water 
 module and system design (spacers, membrane type)  
 process conditions  
Different fouling types can occur simultaneously and influence each other [33-35]. 
Enhanced concentration polarization effects possibly also occur within cake layers [36, 
37] and biofilms [14, 38]. 
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CP and fouling impact the operation of RO systems by horizontal and vertical effects. 
It thus adversely affects the membrane performance. It can lead to an increase in feed 
channel pressure drop (FCP) [39, 40], flux decline (or, if operated at constant flux, 
increasing trans membrane pressure (TMP) [39, 41, 42] and decrease in salt rejection 
[36, 38, 43]. Fouling further deteriorates the membrane material. Some researchers 
distinguish between external fouling (on top of the membrane) and internal fouling 
which results in a change of the membrane structure [32]. These effects reduce the 
recovery of the membrane system and increases treatment costs [44, 45]. To 
overcome the reduction of product quality and system recovery during membrane 
processes, chemicals for fouling control (such as biocides and antiscalants) as well as 
cleaning chemicals are widely applied. However, this further reduces the membrane 
lifetime and increases the costs of the process.  
Over the past decades, membrane system design (such as spacer dimensions, feed 
channels, and system materials) has continuously been improved allowing improved 
mass and fluid transport. This also reduced fouling and pressure losses in the modules 
[26]. However, performance limitations are still of major concern. In order to enable 
water desalination as a solution for increasing water demand throughout the world, 
reduction in energy and chemical consumption are necessary. For this, the mitigation 
of fouling and scaling, as well as module design and improvements in membrane 
materials could reduce the costs of the overall process. 
2.1.3 Fouling formation and performance parameters over the length of membrane 
modules in a pressure vessel 
Over the length of each membrane module and thus over the length of the pressure 
tube, a decrease of the concentrate flow rate and an increase of the concentration of 
dissolved substances takes place. This is caused by the permeation of the overflowing 
feed. As a result, the flux reduces over length (intrinsic flux gradient). Further, the 
driving pressure decreases due to feed channel pressure drop caused by the net-like 
spacer material between membrane sheets. Hence, filtration conditions change over 
length (flow velocity, concentration polarization, osmotic pressure, shear force, mass 
transfer) [46]. As fouling is considerably influenced by these conditions fouling variation 
over the length of the modules is much likely. Whereas the fouling formation on small 
scale dimension, e.g. between 2 spacer filaments, has been studied with respect to 
length variations (e.g. [11, 47, 48]), there is a lack of detailed knowledge on fouling 
formation over large scale dimensions, e.g. the length of SWM’s, pressure vessels or 
stages.  
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In seawater (SW) desalination approaches exist to use various membrane types within 
one pressure vessel in order to adjust them to varying filtration conditions over 
length [49]. This is possible since progress in membrane material research allows 
selective application of suitable elements. In a study by Penate & Garcia-Rodriguez 
cost benefits were reported when elements with customized specifications from 
different manufacturers were assembled in one pressure vessel [29]. Their approach 
focused on counteracting varying filtration conditions to overcome performance 
limitations due to increased feed concentrations, CP and thus lowered driving forces 
and rejection. Increased fouling rates in lead position elements possibly resulted from 
higher flux in lead elements compared to tail elements. However, they also discerned 
problems when assembling elements of different manufacturers [29].  
Research studies on length-dependent fouling formation and analysis of operation 
conditions were mainly conducted either as modelling study or as experimental 
investigation. A compilation of the most relevant studies, both of modelling and 
experimental investigations, is given in Table 1. Only one study connected both 
investigation methods [46]. Studies on performance parameter development over 
length indicated that CP and osmotic pressure increase over length, whereas salt 
rejection and flux decrease. These findings were achieved mainly through modelling 
studies. For precise simulations length, time, operational parameters, materials, and 
foulant deposition variables need to be connected; some of them are influencing each 
other in multiple ways. The most systematic study of length-dependency analysis was 
given by Hoek et al. [32]. They analyzed operational conditions over the length of 
21 modules when desalinating microfiltered secondary effluents. Besides length 
depending factors, time related foulant formation shifts were taken into account. These 
models are effective tools for prediction of fouling formation. 
The trends in fouling layer formation over length are not as distinct. Some studies 
indicate that fouling layer amount reduces over length. This was especially found for 
organic fouling formation. However, for other fouling types other or even contradicting 
findings were reported. Investigations on fouling formation over length were mostly 
experimental studies. Yet, these studies lack of direct correlation between foulant layer 
composition, process/performance parameters and feed water composition. Often the 
fouling layer was analyzed in composition, but performance parameters were not taken 
into account. Further, differences in operating conditions, varying water chemistry 
parameters and variations of model parameters make it difficult to generalize findings 
from different investigations. 
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Table 1:  Relevant findings of length-dependent fouling formation studies and variation of performance parameters. 
Study details & process conditions 
Relevant findings over length of the membrane (inlet to outlet part) 
Ref. 
Fouling layer Performance parameters 
M 
Full scale SWRO: 6 m length, time depending 
permeability coefficients, fouling indication 
  Decrease: Boron rejection [50] 
M 
Secondary effluents reuse MF+RO full scale plant, 
2 stages, 6,800 m³/day, 75% recovery 
 Organic and biological fouling 
 FCP most severe in first stage  
 Highest flux in lead and tail elements 
[51] 
M 
Colloidal and particulate foulant deposition over a 
SWM leaf 
 Resistance reduction, colloidal deposits  Decrease: feed velocity, flux, TMP [52] 
M 
Secondary effluents reuse MF+RO, 21 modules, 
only organic fouling was taken into account 
 Increase: CP increase, fouling-enhanced CP 
 Decrease: organic fouling deposits 
 Increase: osmotic pressure 
 Decrease: salt rejection, flux 
[32] 
M+E 4 m pressure vessel with 4 SWM  
 Increase: osmotic pressure, CP 
 Decrease: net driving pressure 
[46] 
E 1 m test cell, artificial feed, with and without spacer  
 Decrease: flux  
 Increase: CP 
 Salt rejection stable 
[53] 
E Waste water RO and seawater RO, fouling analysis 
 Waste water: biofouling and organic fouling in lead 
elements, inorganic fouling in tail elements 
 Seawater: biofouling and organic fouling both in lead 
and tail elements 
 [54] 
E 
Full scale SWMs of pre-treated ground, sea and 
waste water, fouling analysis 
 Decrease of active biomass when severely fouled  
 Active biomass constant when moderately fouled 
 [55] 
E RO leaf in waste water reclamation plant  Decrease: biofouling fouling layer thickness  [56] 
E 
secondary effluents reuse UF+RO full scale plant, 
biocide & antiscalant addition, 75% recovery, 
foulant analysis after 5 years of operation 
 Reduction of organic and inorganic mass, diversity of 
hydrophobic and hydrophilic DOC fractions (no trend) 
 [57] 
E 
Secondary effluents reuse pilot scale MF+RO/NF, 
denitrified/nitrified and non-nitrified waters, 
14 modules in series, lead vs tail element 
 Denitrified/nitrified feed: mostly biofouling + other 
foulants, amount constant over length  
 Non-nitrified feed: most biofouling at tail part, +other 
foulants  
 Flux decline: 48% non-nitrified and 
60% denitrified/nitrified feed 
[10] 
E 
Seawater lab scale, 5 test cells in series (230 cm), 
60 bar   
 24% increase of all ions 
 Decrease: recovery, flux 
[58] 
M: Modelling study, E: Experimental analysis 
 - 25 - 
Especially when desalinating secondary effluents general prognoses are difficult, since 
all types of fouling causing substances (particles, organic molecules, nutrients, 
bacteria and salts) are present in the water. This highlights the need for representative, 
controllable, and reproducible studies. Due to multiple interacting influences, precise 
analysis of all performance parameters and operation conditions, as well as fouling 
layers is needed. 
2.2 Biofouling in RO water production  
2.2.1 Biofilm formation in membrane systems 
Biofilms are accumulations of cells in a matrix of organic compounds on surfaces [59]. 
In principle, biofilms form when nutrients in dissolved or particulate state from the water 
phase are assimilated by surface-attached microorganisms and converted into 
metabolic products, eventually leading to growth and proliferation [60]. The 
development of a biofilm in time can be described in 5 phases [8, 60]: Conditioning 
phase (1), Reversible adhesion (2), Irreversible adhesion (3), Biofilm growth (4), 
Detachment and depletion (5). Figure 4 shows the 5 steps schematically.  
In the conditioning phase, water constituents present in the feed water, such as 
polysaccharides, proteins or humic substances, adsorb on the surface, forming a 
conditioning layer. This conditioning layer can enhance microbial adhesion by shielding 
repulsive forces between surface and cell [61]. 
During the phase of reversible adhesion, microorganisms attach on the exposed 
surface with the possibility to detach again, since only weak physicochemical 
interactions take place. The cells are transported to the surface from the bulk. During 
membrane operation increased deposition of cells was reported with increasing flux, 
decreasing overflow velocity, increasing salt rejection, increasing size of cells, 
enhanced surface roughness, reduced cell-surface free energy of adhesion and 
decreasing cell-membrane repulsion (e.g. charge and hydrophilicity) [62]. The outer 
membranes of bacteria are of negative charge. Even though with negative charge of 
the RO membrane, a higher repulsion between RO membrane and cell was found [63], 
negative surfaces still tend to foul faster then neutral surfaces [64]. Further, less 
interaction between cells and surfaces has been reported, when microorganisms are 
hydrophilic, since the surface-water interaction have competitive effects [65]. In this 
phase, the important role of cell appendages becomes evident. Pili or flagella interact 
with surfaces most likely to overcome repulsive forces and enable the subsequent 
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attachment of cells [66]. During laminar flow conditions gravity, diffusion and motility 
impact cell deposition; during turbulent condition fluid dynamic forces determine the 
deposition of cells [67]. However, in cross flow membrane systems already with fluxes 
of >20 L m-² h-1 only convective transport of cells to the membrane surface was 
found [62]. 
 
Figure 4:  Phases of biofilm formation on a surface, schematic overview adapted 
from [60]. 
In Figure 5, 3 investigations by different research groups demonstrate the deposition 
of cells, biofilms, or micro particles in flow channels of membrane systems including 
the mesh like structures of the spacers in SWM. They have been visualized by optical 
coherence tomography, visual imaging, and modelling. 
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Figure 5:  Visualization of biofilm formation in spacer mesh structures. A) Optical 
coherence tomography of biofilm formation [68]; B) Experimental 
visualization and modelling of particle deposition in spacer meshes [47]; 
C) Modelling of biofilm formation [35]. 
In the third phase cells adhere irreversibly on surfaces by producing and excreting 
sticky matrix polymers and becoming cemented to form micro-colonies, which 
transiently immobilize them. These matrix polymers, in which microorganisms are 
embedded, are so-called extracellular polymeric substances (EPS). EPS components 
are gel-like, hydrated biopolymers: polysaccharides, proteins, and nucleic acids with 
hydrophilic properties, as well as surfactants and lipids with rather hydrophobic 
characteristics. Some authors differentiate between capsular and lose-bound 
EPS [69], as well as soluble microbial products [70, 71]. It was further identified, that 
initial colonization has significant impact on the biofilm development. Active 
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colonization is not performed by all bacteria. Initial colonizers, such as Sphingomonas, 
leave biofilms as individual cells, are metabolically versatile and thus able to adapt well 
to new conditions, such as nutrient limiting conditions at clean membrane and spacer 
surfaces [72]. They rapidly form monolayers on these surfaces allowing other bacteria 
(secondary colonizers) to grow on top of them [73].  
During the fourth phase, the biofilm grows. Cells multiply and colonies increase in 
size, metabolic processes enhance EPS production leading to a surface covering. The 
biofilm matrix of a mature biofilm mainly comprises water and EPS [74], but also 
trapped particles, adsorbed organics and ions are found [8]. Based on the dry weight, 
mature biofilms compose of 90% EPS and only 10% bacteria [75]. EPS are of microbial 
origin; however, polymers of other origin can be embedded into the matrix, too. Extent 
and EPS composition can vary depending on the physiological state of the cells within 
the biofilm, as well as the biofilm age, species, existing environmental conditions, and 
nutrient supply [71, 76]. EPS have various functions: They contribute to cell adhesion, 
bind nutrients and ions, provide attachment forces between cells in aggregates 
(cohesion and interaction), create hydration shells, mask adverse surface properties, 
serve as nutrient source, store water, enzymatically degrade macromolecules, protect 
against environmental influences (e.g. biocides, ultra violet (UV) irradiation, 
desiccation), and serve for communication as well as exchange of genetic information 
[69, 75]. High levels of oxygen, nutrient limitation, low temperatures and pH, as well as 
desiccation can lead to increased production of EPS [77]. 
Biofilms can have diverse forms and structures. Via open water channels within the 
structure of the EPS, nutrients and oxygen is delivered to deeper biofilm layers. In 
terms of morphology, they can be smooth, flat, fluffy, or rough. Biofilms can be of dense 
or porous structure, harboring micro-domains with different biochemical 
environments [75]. The biofilm architecture is mainly impacted by hydrodynamic 
conditions, bacterial motility, intercellular communication and availability of 
nutrients [75]. Exopolysaccharides with side groups such as acetyl groups increase 
adhesive and cohesive forces between each other as well as the aggregation ability of 
bacteria. Calcium bonding between alginate molecules is an example for increased 
biofilm mechanical stability by anionic interactions [42]. The mechanical stability of 
biofilms is also impacted by shear forces. Applied forces on biofilms, such as shear or 
compression can lead to reversible elastic behavior and irreversible deformation [78, 
79]. However, rheological properties of biofilms are governed by physicochemical 
interactions of the biofilm matrix, such as hydrogen bonds, van der Wals forces and 
electrostatic interactions [75]. 
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During the last phase, detachment and dispersion of the biofilm takes place. 
Overcrowded parts may lead to nutrient depletion and physicochemical changes of the 
environment inside the biofilm. This may cause the bacteria to digest the EPS matrix 
or bacterial release from the biofilm. Here, signaling molecules a role [80]. Further, 
other detachment mechanisms might take place: Abrasion of parts of the biofilm due 
to collision with particulate matter, grazing by eukaryotic organisms and the influence 
of shear forces might lead to erosion and sloughing of biofilm matter [60]. 
Additional literature is recommended for further knowledge on biofilm formation:  
 EPS compounds & functions [75] 
 Cell adhesion and cell-membrane-interactions [81] 
2.2.2 Effects of biofouling in RO water production 
2.2.2.1 Impact of biofilm formation on membrane performance and materials 
Biofilm formation in membrane systems is a complex process involving several phases 
and media. Recent research studies have singled out effects of biofilm formation on 
membrane performance and materials. Biofilm formation has negative effects on both 
permeate quality and quantity during desalination. It further contributes directly and 
indirectly on membrane deterioration. In real water system, biofouling is usually one 
part of the developed fouling. However, in a review article biofouling was considered 
as major foulant type with 45% contribution to all fouling types [82]. Research on 
biofouling minimization is of major importance.  
The contribution of biofilms on membrane performance is based on the contribution of 
bacterial cells and the EPS matrix. Whereas it has been proven that bacterial cells 
contribute only to a minor part on performance decline, the main impact is caused by 
the organic compounds of the biofilm matrix (EPS and embedded molecules) [38]. It 
was further distinguished, that the EPS matrix contributes to the hydraulic resistance 
of the biofilm, whereas cells rather contribute to the biofilm-enhanced osmotic pressure 
(BEOP) [83-85]. An overview of effects happening during biofouling, as well as 
responsible processes and consequences for operators, are given in Figure 6. 
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Figure 6:  Biofilm induced effects on membrane performance and materials, 
responsible processes, and consequences for plant operators. 
2.2.2.2 Biofouling prevention and control techniques 
Biofouling prevention can be achieved by 2 major techniques:  
1. Pre-treatment and/or feed water pre-conditioning. Pre-treatment comprises 
technologies, which reduce the amount of bacteria and assimilable organic 
compounds (nutrients, electron donors) prior to the membrane modules. Most 
relevant pre-treatment concepts involve activated carbon filtration, slow sand 
filtration [86], microfiltration/ultrafiltration [87], and biofiltration [88]. Pre-
conditioning of the feed water is performed by pH-adjustment or biocide dosage. 
PH-adjusted water can reduce bacterial attachment on the membrane surface 
by changing charge of both surface and organic compounds. It also impacts the 
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formation of the conditioning layer and subsequent cell deposition [89]. 
Oxidizing biocides, such as free chlorine (HOCl, OCl-), chloramines (NH2Cl), 
chlorine dioxide (ClO2), ozone, iodine, hydrogen peroxide and peracetic acid 
are disinfectants dosed to the feed water serving as growth inhibitors [82, 90] 
by inactivating bacterial cells. However, oxidants can deteriorate the polyamide 
membrane material and thus negatively impact the filtration process. Recently, 
also non-oxidizing biocides have been suggested for biofouling prevention, such 
as organo-bromines, formaldehyde and glutaraldehyde [89].  However, biocide 
dosage usually comes along with negative effects such as potential membrane 
damage and disinfection by-product formation. Proper pre-treatment/ pre-
conditioning of the feed can reduce chemical cleaning to a minimum, as shown 
in a study by Van der Hoek et al. [86]. Here, chemical cleaning was performed 
only once a year preventatively due to properly designed RO pre-treatment.  
2. Material modifications. A modification of the membrane material is performed to 
lower the attachment of microbes on the membrane surface. Modifications 
comprise grafting, physical membrane coatings, membrane synthesis 
modifications, and antimicrobial additives [82, 91]. Also spacer modifications 
exist: Modifications of the spacer surface lowering the adhesion of 
microorganisms and subsequent biofilm growth [92] and spacer design 
modifications can reduce biofilm development [23]. However, this field still 
undergoes thorough research.  
Biofouling control techniques are necessary when biofouling prevention has failed 
and membrane performance decline has occurred due to accumulated biofilms. Then, 
for biofouling control, cleaning techniques are used. They are of physical, chemical or 
biochemical nature. Physical cleaning, such as flushing and air sparkling removes non-
adhesive foulants without the usage of chemicals [93]. Other physical cleaning 
technologies, such as self-collapsing microbubbles, UV irradiation, and electrical fields 
are currently rarely applied for SWM in industrial scale. However, these techniques are 
widely researched on [82]. Chemical cleaning agents are frequently used in industrial 
water production. Chemical cleaning agents comprise caustic agents (NaOH, KOH, 
NH4OH), acids (HCl, HNO3, H2SO4, H3PO3, citric acid), metal chelating agents, 
surfactants/ detergents (alkyl sulphate, sodium dodecyl sulphate, cetyl trimethyl 
ammonium bromide), as well as disinfectants and oxidants (NaOCl, H2O2, KMnO4, 
sodium bisulphite), complexing agents (EDTA) and cleaning blends (e.g. 4 Aqua 
clean®, TRiclean®, Ultrasil®/Aquaclean®) [82, 94]. The application of these chemicals 
weakens cohesive forces or increase repulsive forces between surface and biofilm 
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matrix and thus enable flushing off. Others lead to hydrolysis and solubilization of the 
foulants [82]. In addition, biochemical biofouling control methods exist. The dosage of 
enzymes (e.g. α-CT, CP-T, peroxidase) leads to a degradation of polysaccharides or 
proteins of the EPS matrix or signaling molecules [60, 82]. However, these techniques 
are controversial and rather impracticable for industrial scale (expensive, not reusable, 
and effect-specific) [89]. 
Additional details on biofouling control are given elsewhere:  
 Biofouling monitoring techniques [89] 
 Surface modifications for biofouling control [95] 
 Control techniques [82]. 
2.2.3 Overview on laboratory tools used for biofouling research with RO 
membranes 
Biofouling investigations have been conducted as field studies with modules from pilot 
plants, lab studies with so-called test cells and as modelling approaches. Under lab 
conditions, membrane test systems do not fully represent conditions in practice, taken 
into account feed water composition, hydrodynamic as well as operating 
conditions [10]. In general, a huge variety of membrane test cells for fouling 
investigations with different designs, dimensions and materials is available (e.g. [96-
98]). Their application in biofouling research are even extended for new fields, such as 
forward osmosis research. In research studies aimed on investigating biofilm formation 
on dense membranes, only a limited number of test cells has been developed. The 
following Table 2 gives an overview of test cells used especially to study biofouling in 
NF and RO SWM membrane configurations. Some of them have been developed for 
special biofouling research investigations and thus incorporate special features, such 
as withstanding high pressure or being equipped with a special visualization window 
for tomographical methods and tracer studies. All of them have the option to remove 
the membrane coupon after fouling formation for analysis and in all of them the feed 
channel is surrounded by one membrane sheet and one non-permeable lid. In one 
case, the construction of the test system was accompanied with a flow field modelling. 
However, from the reviewed articles, only 2 membrane test systems have been 
reported to be validated as representative for practice. Yet, researchers in the field of 
membrane fouling have outlined the importance of representative conditions  in their 
studies, e.g. [99]. A validated full-scale RO fouling test cell has not yet been introduced.
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Table 2  Biofouling investigation tools. 
Test cell name and 
purpose 
Dimensions 
LxWxH 
[mm] 
Advantages/ drawbacks of the test 
unit 
Study conditions Findings Ref. 
“Stainless steel test cell”  
 Impact of operating 
parameters on biofouling 
development 
310 × 60  
× 0.8 
Connectable in series 
No validation, spacer smaller than 
channel height 
Recirculation of micro-
filtered retentate, 
dosage of bacteria and 
nutrients 
Flux and crossflow velocity 
impact biofouling 
[100] 
“Biofouling test cell”  
 Impact of MF pre-
treatment on biofouling 
77 × 23 × 3 
Exchangeable membrane 
No spacer, no validation 
Recirculation, 
measurement of flux 
and salt rejection, 
membrane autopsy 
MF pre-treatment reduced 
biofouling, 3 folds flux 
improvement 
[101] 
“High pressure optical 
membrane module”  
 Investigation of biofouling 
under high pressure 
conditions 
69.86 × 25  
× 2.55/5.93 
Direct visual observation of bacterial 
deposition under practical conditions 
Modelling suggested no spacer use, 
unrepresentative hydrodynamic 
conditions 
Seawater conditions, 
Re= 540, flux 
measurement 
Different local bacterial 
deposition with and without 
spacer 
[102] 
“Biofouling tool” 
 Investigation of 
physicochemical factors 
governing initial rates of 
microbial deposition 
76.2 × 25.4  
× 1 
 
Direct visual observation via window 
No validation 
Artificial tertiary waste 
water, recirculation, high 
pressure  
Balance between cross-flow & 
permeate hydro-dynamics 
governs initial microbial 
deposition 
[62] 
“Membrane fouling 
simulator”  
 Investigation of biofouling 
200 × 40  
× 0.8 
Validated hydrodynamic conditions 
Different versions & materials 
available 
Tap water supplied with 
nutrients, measurement 
of FCP and flux 
Eligible to study biofouling with 
various purposes 
[18], 
[68] 
“Transparent biofouling 
monitor”  
 Investigation of biofouling 
with optical techniques 
200 × 100  
× 0.787 
Validated, hydrodynamic conditions as 
practice, with and without spacer 
usable 
Tap water supplied with 
nutrients, measurement 
of FCP and flux 
Intrinsic hydraulic biofilm 
resistance determinable 
[16] 
“Canary cell”  
 Investigation of various 
fouling types 
0.31 m × 
0.06 m × ? 
High pressure conditions 
Not validated, no data available for 
spacer height and channel height 
All process parameters 
measurable 
n.a. [103] 
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2.3 Pre-treatment technology prior to RO: applicability of biofilters as 
stand-alone pre-treatment 
2.3.1 Treatment concepts for secondary effluent desalination of high quality  
Secondary effluents contain particulate matter, colloids, high concentrations of bacteria 
and organics, as well as dissolved ions. Each of these constituents can cause fouling 
and reduce membrane performance. In the following Table 3, a brief overview is given 
on fouling types, major impacts on RO process and industrially applied pre-treatments.  
Table 3  Membrane fouling types and possible pre-treatment measures. 
Fouling type Impact on RO process Pre-treatment measures 
Particulate 
fouling 
Particles retained in the spacer 
mesh causing pressure loss, 
leading to reduced driving 
pressure over modules 
[104] 
Coagulation/ flocculation/ 
granular media filtration/ 
porous membrane filtration 
[104] 
Colloidal 
fouling 
Colloids adhere on the 
membrane surface reducing 
permeability and product water 
quantity 
[39] 
Destabilization agents/ 
porous membrane filtration 
[104] 
Organic 
fouling 
Attachment of organics, 
reduction of permeability, 
product quality and quantity 
[33, 
97] 
Enhanced coagulation/ 
ultrafiltration/ biofiltration/ 
granular activated carbon 
filtration 
[104-
106] 
Biofouling 
Biofilms on spacer and 
membrane reduce product 
quality and quantity 
[55, 
88] 
Disinfection/ biocides/ 
biofiltration/ granular 
activated carbon filtration 
[86, 
106, 
107] 
Scaling 
Scale formation increases 
osmotic pressure, reduction of 
product quality and quantity 
[108] Antiscalants/ pH-reduction 
[55, 
104, 
108] 
 
The actual occurrence of many different fouling causing substances makes the 
treatment and pre-treatment of secondary effluents challenging. The treatment 
schemes for secondary effluent desalination vary, depending on feed water source, 
economic conditions, treatment goals, as well as local guidelines and restrictions for 
the purposes the water is treated for. Some countries rely on standards of the World 
Health Organization; others are depending on national guidelines. For example, in 
California, USA, only reverse osmosis technology in combination with advanced 
oxidation processes as post-treatment is allowed when directly injecting the permeate 
product to environmental buffers [109]. Such guidelines do also affect decisions on 
pre-treatment. Most of these process guidelines have been established for safety 
reasons when desalinating wastewater for indirect potable use. 4 main concepts exist 
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for high quality water production when reusing secondary effluents. Figure 7 shows 
examples of the concepts. 
(1) Direct potable use: The water is usually immediately released into a 
distribution system, fed to a drinking water treatment plant for additional 
treatment or is blended with other water sources. 
(2) Indirect potable use contains storage of the water in an environmental buffer 
such as groundwater reservoirs or discharge to a surface water [109]. 
(3) In industrial high quality water production, such as ultrapure water, the 
treatment scheme is completely designed in respect to the industrial process 
they are intended for. 
(4) Unrestricted irrigation requires appropriate treatment enabling consumption 
of uncooked fruits and vegetables. Globally, the standards differ.  
 
Figure 7:  Concepts of secondary effluents desalination in water reuse [106, 109-
111]. Different colors refer to different treatment processes.  
(1) Direct potable use: Cloudcroft, New Mexico, USA;  
(2) Indirect potable use: West Basin Munic. Water District, California, USA; 
(3) Ultra-pure water: Puurwaterfabriek, Emmen, The Netherlands;  
(4) Unrestricted irrigation: Pilot study, Arad, Israel.  
The treatment plant for (1) direct potable use (Cloudcroft, New Mexico, USA) was 
redesigned by incorporating the local waste water sources to satisfy rising water 
demands [110]. Indirect potable use (2) of secondary effluents is widely used in arid 
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states of the US. The example of West Basin Municipal Water District, California, USA 
is one of many [109]. After desalination, the water is stored and usually further treated 
in a drinking water production plant (DWPP). The industrial use of ultra-pure water, as 
given in example (3) in Emmen, the Netherlands, treats secondary effluents from a 
wastewater plant until ultrapure water quality. The order of pre-treatment priot to the 
RO was carefully designed and considered throughout the pilot testing and proved to 
maintain stable low fouling RO performance [106]. Actual data of concepts of treatment 
plants designed for direct unrestricted irrigation (4) are rare and simpler. The example 
shown here, consisting of UF and RO technology purely, was taken from a pilot study 
at the wastewater treatment plant (WWTP) Arad, Israel [111]. For all treatment 
schemes, stable operation and acceptable RO fouling rates were reported [106, 109, 
110]. Treatment concepts 1 and 2 would also fulfill the standards for unrestricted 
irrigation.  
Interestingly, all desalination steps prefer RO membranes to NF membranes. 
Especially for unrestricted irrigation purposes RO-desalinated secondary effluents are 
appealing since their low content of sodium, chloride and boron supports growth of 
crops [112]. Reverse osmosis desalination is more advantageous in agricultural reuse 
applications than e.g. nanofiltration for the following reasons [113]:  
1) Remineralization is necessary to overcome calcium and magnesium 
deficiencies; but both minerals would also be removed by nanofiltration.  
2) With RO- technology consistent high quality water can be produced, usable for 
unrestricted irrigation, aquifer re-infiltration and even as potable water 
3) RO-processed water allows rehabilitation of saline soils. 
4) RO application allows tailored filtrate conductivity for special reuse purposes. 
5) Consistent and stable water production is realized. 
A high feed water quality to the RO membrane is crucial for fouling prevention and 
long-term stability. Physical and/ or chemical pre-treatments are required for fouling 
reduction of the RO process. The properly designed pre-treatment system is itself cost- 
and maintenance-reduced and reduces the operational costs of the subsequent RO 
process [104]. Further data and concept design for RO pre-treatment is given 
elsewhere [104, 110]. 
- 37 - 
2.3.2 Water desalination costs 
Water production costs are depending on many factors, such as feed water type, plant 
size, pre-treatment technology, and energy costs [27]. Within less than 10 years the 
developments in material science and the improvements in membrane process 
technologies lead to a reduction of the water production price from $ 2.0 per m³ to 
$ 0.5 per m³ [30]. In Table 4, water desalination costs for different feed water types are 
compared. All costs refer to US $.  
Table 4: Water production costs for different feed waters treated with reverse 
osmosis, taken from [114-116]. 
 
Metropolitan 
plant, USA 
[$ m-3]; [116] 
Torreele plant, 
Belgium  
[$ m-3]#; [115] 
Ashkelon 
plant, Israel 
[$ m-3]; [114] 
Water type 
Brackish 
water 
Secondary 
effluent 
Seawater 
Water production [m³/d] 700,300 6,850 330,000 
Fixed costs  0.057 0.17 0.311 
Energy 0.029 
0.17* 
0.134 
Labor 0.007 
Included in 
miscellaneous 
Chemicals 0.016 
0.11** 
0.021 
Membrane replacement 0.010 0.028 
Miscellaneous 0.077 0.07*** 0.031 
Total 0.134 0.52 0.525 
#Calculated after exchange rate 16.03.16  
*Operational costs, **Maintenance costs, ***Concentrate discharge 
 
The Metropolitan plant, USA, for brackish water desalination allows the lowest 
treatment costs ($ m-³ 0.134) [116]. The feed water origin is a river water. However, 
pre-treatment technology costs were not included into the calculation here. The 
Torreele plant in Belgium treats secondary effluents with UF and RO, as well as with 
final UV disinfection for ground water recharge. Chlorine and monochloramine dosage 
for biofouling prevention as well as sulfuric acid and antiscalants for scaling prevention 
allow optimized operation [115]. The treatment costs of $ m-³ 0.52 are comparable to 
those of the SW desalination in Ashkelon ($ m-³ 0.525) [114]. In Ashkelon, pre-
treatment and post-treatment comprise coagulation, dual media filtration, and 
remineralization.  
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The costs for secondary effluents desalination and seawater desalination of the 
presented examples differ hardly. However, an impact of plant size and plant age onto 
production costs is assumed. The treatment plant in Ashkelon started its production in 
2005 and is one of the hugest of its kind. Other SWRO plants built after 2000, such as 
Larnaca (Cyprus), Tampa Bay Florida (USA) or Fujairah (UAE) realize treatment costs 
of $ m-³ 0.53-0.87 [27], which is a huge reduction compared to plants built before. 
However, the minimal costs for secondary effluents desalination are estimated 
between $ m-³ 0.30-0.76 [114, 117]. Limitations for cost reduction of this water source 
are caused by the commonly smaller plant size. The example presented here only 
treats 1% of the water, which is treated in the Ashkelon SW desalination plant. The 
secondary effluent desalination rate is directly connected to the rate of produced 
secondary effluent of the wastewater treatment plant, used as feed. 
In Table 5, costs for water production in Israel are summarized. The given values for 
brackish and wastewater desalination, as well as seawater desalination do not differ 
strongly. The calculations are from 2005. Also Burn et al. proposed the approximation 
of costs for the future treatment plants of various feed sources due to improved 
technology design and optimized operation [113]. It clearly shows that secondary 
effluent desalination is a competitive treatment option.  
Table 5  Water production in Israel (without distribution), from [114]. 
Type of water production Costs [$ m-³] 
Coastal aquifer water 0.10 – 0.15 
Brackish well water 0.10 – 0.15 
Desalinated brackish water including brine disposal 0.35 – 0.50 
Desalinated waste water including brine disposal 0.30 – 0.40 
Desalination seawater (Ashkelon) 0.53 – 0.67 
 
Pre-treatment costs depending on the technology are usually discriminated between 
conventional and non-conventional technologies. Biofiltration, as conventional 
technology has low investment and operating costs due to its low costs of its 
components and the packing material [118]. Sand filtration and biologically activated 
filters are estimated to be in the same range of costs [119]. The costs for sand-filtered 
water range between 0.03-0.17 $ m-³, however, depending on the plant size [120]. In 
comparison, microfiltration costs are in the range of  $ m-³ 0.22- 0.56 [121]. A cost 
study for suitable technology for micro pollutants removal in WWTP’s also evaluated 
sand filtration as most cost-effective technology, compared to activated carbon 
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filtration and ozonation [120]. Thus, biofiltration is an interesting low cost alternative to 
other conventional technologies and non-conventional processes.  
2.3.3 Biofiltration: process, advantages and disadvantages when using as pre-
treatment to RO 
Biofilters are bioreactors, i.e. fixed bed reactors with sessile bacteria. The surface of 
the filter grains serves for immobilization of suspended microorganisms [122]. There,  
processes including attachment, microbial growth, detachment and die-off are involved 
to form a biological layer, known as biofilm [123]. The growth and development of 
biofilms on the filter support media is similar as described in chapter 2.2.1. The feed 
water passing through the granular media transports bacteria and biologically 
degradable compounds. Their attachment to the fixed bed and utilization by microbes, 
respectively, decrease the microbial growth and proliferation potential of the water. 
Different materials, such as expanded clay, sand, anthracite, zeolite, and activated 
carbon, are useable as support media. The shape, as well as the large surface area of 
the granular media support the growth of biofilms and protect the biofilm against shear 
stress and mechanical abrasion. The use of adsorptive materials, such as activated 
carbon combines biodegradation processes with adsorption. Kinetics of the removal of 
compounds is generally described over the filter bed depth or the so-called empty bed 
contact time (EBCT). 
The application of biofiltration prior to porous membranes (such as MF and UF) has 
widely been discussed for drinking water treatment. In recent studies, foulant removal 
during pre-treatment was linked to the porous membrane performance. There has 
been evidence that biofiltration (rapid or slow sand filtration) as pre-treatment improves 
the performance of pore membranes also in wastewater reuse applications [124, 125].  
In terms of RO fouling formation, the biofiltration process removes relevant water 
constituents from the feed: living cells & colony forming units (CFU) [88], biopolymers 
[124], particles [126], low molecular weight substances [127], assimilable organic 
carbon (AOC) & biodegradable organic carbon (BDOC) [128], DOC [129] and turbidity 
& silt density index [130]. This makes biofiltration an interesting low cost pre-treatment 
alternative. However, few publications exist in this research field directly evaluating the 
impact of biofiltration on RO or NF performance and corresponding fouling formation, 
emphasizing the need for such studies.   
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An overview on relevant studies investigating pre-treatment of RO membranes with 
biofiltration is given in Table 6.  
In general, the reduction of DOC, BDOC, and AOC during biofiltration was frequently 
found and correlated to the reduction of biofouling and organic fouling development. 
Resulting improved RO membrane performance ranged from delay of FCP increase to 
even none-existing flux decline. E.g. the study of Griebe and Flemming linked the 90% 
reduction of BDOC during biofiltration with the 88% reduction in fouling layer thickness 
(biofilm formation) which resulted in excellent RO performance [88]. However, in 
2 studies the biofiltration process in combination with other treatment steps was 
preferred over biofiltration as stand-alone treatment; biofiltration gave a better RO 
performance (permeate quality and quantity): In a field study for pre-treatment testing 
of a river water desalination plant the slow sand filtration (SSF) combined with 
antiscaling treatment resulted in a very stable long term RO performance [86]. Though 
only minimal fouling resulted in minor net driving pressure increase, the authors 
favored additional pre-treatment (ozone and biologically activated carbon (BAC) 
filtration) combined with SSF over pure SSF pre-treatment. This combination even 
improved the removal of micro pollutants and increased disinfection capacity. In 
another study BAC filtration in combination with microfiltration was preferred over pure 
BAC filtration because a more stable RO performance and recovery was achieved 
[127]. Yet, Corral et al. [130] even preferred microfiltration over biofiltration. They 
stated that the MF had significantly more positive long-term effects on RO performance 
than biofiltration as single pre-treatment [130]. General conclusions, whether 
biofiltration as stand-alone pre-treatment is suitable or not, are difficult to draw. It was 
found, that the published research studies lack of comparability. Linking, parameters 
of the biofilter filtrate quality to fouling formation onto the RO membrane are mostly 
missing. However, successful application of biofilters pre-treating RO feed have 
industrially been used through, e.g. the IDE PROGREENTM process [131]. Here, the 
biofiltration pre-treatment reduces membrane biofouling by filtering flocculated 
seawater through biologically activated media filters. Less chemicals are required. 
Biofiltration performance directly affects RO feed water quality when being used as 
(sole) pre-treatment. It is evident that characteristics of the feed water to both biofilters 
and subsequent RO units impact the process behavior and operation. Especially 
microbial and organic load, size, and type of organic fractions as well as their 
biodegradability influence the biofiltration and RO performance (fouling potential). 
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Table 6:  Relevant studies on biologically activated media filtration prior to dense membrane systems. 
Water 
source 
Study details 
Foulant removal 
during biofiltration 
Outcome: membrane performance/ fouling layer development after 
biofiltration pre-treatment, suitability as pre-treatment (+ positive, +/- not 
competitive with other pre-treatment, - unsatisfying) 
Ref./ 
year 
Seawater 
Membrane: Pilot scale study, 8 weeks, 
Biofilter: Granular activated carbon (GAC) & 
anthracite, EBCT: 9-18 min 
 Turbidity 
 “Modified fouling 
index” 
 Less flux decline and more stable membrane performance + 
[132], 
2009 
Surface 
water 
Membrane: Pilot scale system, NF 
Biofilter: Expanded clay, EBCT: 34 min 
 30% AOC & BDOC 
 Biomass reduction: 80-90% 
 Organic fouling reduction 
+ 
[128], 
2006 
Surface 
water 
Membrane: Lab scale system, 10 days study, 
RO, 20 bar 
Biofilter: Sand, 39 min EBCT 
 Turbidity  
 90% CFU 
 90% BDOC 
 No flux decline within 10 days  
 Fouling layer: 88% reduction in thickness, significant reduction in total 
organic carbon (TOC), proteins & humic substances 
+ 
[88], 
1998 
Surface 
water 
Membrane: Pilot scale system, 20 months 
study, NF, 15 L/m²h, 75% recovery 
Biofilter: Exhausted GAC, EBCT: 34 min 
 70% TOC 
 Comparing biofilter to dual media filter: TMP increase 5 times lower 
than with dual media filtration 
 Fouling layer: comparable composition, comparable amount of CFU 
+ 
[133], 
2007 
Synthetic 
humic acid-
rich water 
Membrane: Lab system, 7 days, NF, 4.8 bar 
Biofilter: Anthracite, sand, gravel, 35 min 
EBCT 
 Low molecular 
weight organics 
 Particles 
 Biomass: 33-50% less TOC, 0.7 log units less cells   
 Huge improvement in permeability decline 
+ 
[134], 
2009 
Secondary 
effluents 
Membrane: Lab scale water reuse, RO, 5 bar, 
15% recovery 
Biofilter: Zeolite, 30 min EBCT 
 45% AOC  
 40.5% DOC 
 Delay in flux decline and FCP increase 4-5 times 
 Biological fouling reduction 
+ 
[129], 
2005 
Surface 
water 
Membrane: Field study, antiscalant use 
Biofilter: SSF 
 AOC 
 DOC 
 Performance: minor increase in driving pressure, no increase in FCP, 
very stable 
 Biomass: reduced biofilm formation rate 
 Authors favored pre-treatment ozone and biologically activated 
carbon filtration combined with SSF over pure SSF 
+/- 
[86], 
2000 
Secondary 
effluents 
Membrane: RO, 12 bar 
Biofilter: Activated carbon 
 
 Low molecular 
weight compounds 
 Cells 
 AOC & BDOC 
 Increased recovery for BAC (86%) over MF (83%) treatment 
 BAC+MF prior to RO (88%) even better  
+/- 
[127], 
2015 
Surface 
water 
Membrane: Pilot study, RO, 5-7.6 bar 
Biofilter: SSF 
 Turbidity 
 Silt density index 
 Performance improved stability with MF compared to SSF - 
[130], 
2014 
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2.3.4 Biopolymers of secondary effluents as major membrane foulants: 
characterization and removal during biofiltration 
2.3.4.1 Characteristics of biopolymers as membrane foulants 
Biopolymers are one group of foulants found in secondary effluents with a significant 
higher concentration compared to surface waters. They belong to the so-called effluent 
organic matter (EfOM). The main origin of biopolymers in secondary effluents are EPS 
sheared off biological flocs during biological secondary treatment [135]. EPS are 
produced by bacteria for various reasons, such as cell immobilization for keeping cells 
in close distance, nutrient reservation, protection against outer influences, water 
retention and many others, as listed in detail elsewhere [75]. The composition of 
biopolymers is substrate and stress-depending [74], and impacted by environmental 
fluctuations, temperature and sludge age. EPS are biodegradable. However, due to 
the heterogeneity of EPS their complete biodegradation is depending on the 
occurrence of different enzymes [75].  
The size of biopolymers can vary between 20.000 Da and colloidal size [135, 136]. 
Therefore, biopolymers have been identified not only as major foulants during dense 
membrane filtration (NF and RO), but also in porous membrane processes (UF). In a 
study by Filloux et al., even an exponential correlation between the biopolymer 
concentration and the fouling intensity was found for UF membranes [137]. Others 
report of severe flux decline caused by adhered biopolymers on dense membranes 
[96, 97, 138]. Further, EfOM and biopolymers contribute to the formation of a 
conditioning film on the RO membrane. This conditioning layer may enhance the 
attachment of bacteria and thus accelerate biofilm formation [61, 139]. Biodegradable 
biopolymers being removed during biofiltration serve as substrate for bacteria in 
biofiltration systems and thus cannot serve as nutrient source during biofilm formation 
on the RO. It is further hypothesized that a removal in biofiltration system would reduce 
the biopolymer’s contribution to the conditioning layer and organic fouling formation 
and thus potentially lower the fouling potential of the feed in the RO.  
2.3.4.2 Removal mechanisms of biopolymers in biofilters 
Biopolymers are polymers produced by microorganisms. Certain bacteria strains, 
which are able to degrade biopolymers, were found in biofilms [140]. Most biopolymers 
in secondary effluent have a large molecular weight of more than 2x104 Da up to 
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colloidal size. In a study by Larsen et al. it was suggested that molecules with a weight 
larger than 103 Da are not metabolized by the bacteria directly [141]. Studies 
suggested that the removal of large colloidal fraction occur in several steps including 
sorption, enzymatic hydrolytic activity, hydrolysis, diffusion, and synthesis [141-143].  
Since biopolymers are of colloidal size, filtration mechanisms might take place when 
biopolymers are removed in biofilters. Generally, in terms of filtration mechanisms it 
was suggested that in systems with small sized granular media and/or long hydraulic 
residence times submicron particles are effectively removed by diffusion and 
interception [143]. For a granular media system Tufenkji and Elimelech indicated that 
microorganisms of colloidal size were removed by physicochemical filtration from the 
fluid-phase [144]. Most commonly, filtration of colloidal particles is based on the 
classical colloid filtration theory, where the removal of suspended colloids is 
represented by first-order kinetics, resulting in exponentially decreasing concentrations 
of colloids with distance [144]. In the following Table 7 major impact parameters on 
biodegradation and filtration of colloids (biopolymers) are summarized. Some 
parameters of colloids can affect both mechanisms.  
Table 7:  Affecting parameters on biodegradation and filtration in granular 
media systems. 
Mechanism Major affecting parameters 
Filtration  Size and shape of carrier material and pores 
Size, density, of colloids 
Concentration of colloids 
Surface charge of carrier media and colloids 
pH 
Backwash frequency 
Biodegradation  Size, shape and porosity of carrier material 
Activity of biomass 
Concentration of nutrients 
Oxygen supply 
Temperature 
pH 
EBCT (velocity) 
Biodegradability of biopolymers 
Backwash frequency 
 
Further knowledge on biopolymer removal mechanisms are given elsewhere [144-
146]. 
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Biodegradability and size of biopolymers are important characteristics influencing 
performance of both bioreactors and membrane systems. It is hypothesized that large 
biopolymers are less likely to be biodegradable and thus removed by physicochemical 
filtration. If biopolymers are biodegradable and to be removed during biofiltration the 
fouling formation would potentially be reduced in subsequent membrane processes.   
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3 A Membrane test cell for characterizing fouling and 
monitoring all performance parameters at scale of industrial 
modules 
3.1 Materials and methods 
3.1.1 The Long Channel Membrane Test Cell: design consideration 
Fouling formation is impacted by a complex interaction of several process conditions. 
In order to investigate fouling under well-defined, representative conditions for 
industrial full-scale applications, requirements for a Long Channel Membrane Test Cell 
(LCMTC) were defined as: 
 Undisturbed flow field in a channel of 1 m length 
 Material strength to enable pressures representative to industrial RO and NF 
applications 
 Allow investigation of different feed spacers 
 Allow observation of fouling processes visually 
 Allow to investigate the impact of fouling on all performance parameters: feed 
channel pressure drop, flux, salt rejection 
 Allow investigation of relevant fouling parameters spatially distributed over the 
full membrane length 
 Allow non-invasive investigation of the fouling layer 
A picture of the design of the LCMTC is given in Figure 8 and the corresponding 
scheme is displayed in Figure 9. 
 
Figure 8:  The 1 m long LCMTC with the same length as spiral wound membrane 
elements used in practice, enables to study the development of fouling 
and fouling control strategies in SWMs under representative and 
controlled conditions. 
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A spiral wound NF or RO membrane element used in practice has a length of 1.016 m 
(equaling 40 inch). The effective membrane length (producing permeate) is ~0.91 m. 
Membrane elements contain feed spacers to separate the membrane sheets and 
enable mixing of the water passing the module. In industry, feed spacer thickness is 
usually reported in mil: 1 mil equals 25.4 mm. A 31 mil (0.787 mm) thick feed spacer 
is commonly used in practice. 
 
Figure 9:  Scheme of the LCMTC with feed channel and membrane sheets and 
5 separated permeate segments over the test cell length for permeate 
collection, enabling the assessment of permeability and salt passage and 
accumulated fouling over the length of the test cell. 
During experimental runs the feed solution enters the inner membrane feed channel 
of 40 mm width. The feed channel is equipped with a feed spacer. With the selected 
channel width the side wall effects onto the flow profile, as well as the curvature of the 
spiral wound modules are neglectable [147]. The feed flows through the channel of 
0.91 m length (equaling the permeate producing membrane length). The membrane 
channel height is based on a spacer thickness of 0.787 mm (31 mil) and is adjustable 
to 1.19 mm (47 mil). The channel height is determined by the height of the flat sealing 
and thus can be adjusted by varying the sealing thickness.  
When pressure is applied on the test cell, part of the feed solution permeates through 
the membrane and can be collected via the outlet of 5 separate permeate segments, 
equally distributed over length (Figure 9). Each permeate channel is of 0.3 mm height 
and equipped with a permeate spacer of the same thickness. The separated segments 
enable discrete investigations of permeate flux and salt passage along the membrane 
length. For each cell, the feed channel pressure drop can be measured.  
The top lid of the test cell is made of Polymethylmethacrylate (PMMA), allowing visual/ 
microscopic monitoring of the flow distribution and fouling formation. The test cell 
system was designed to operate up to 40 bar pressure allowing investigations of 
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desalination processes. PMMA material strength and dimensions were carefully 
selected. More details on the construction design as well as scientific drawings are 
given in the supplementary material section (appendix A, Figure A1-A7, 
Tables A1-A2). When fouling experiments are completed, membrane and spacer can 
be sampled, replaced and analysis of the fouling layer accumulated on membrane and 
spacer can be performed. 
3.1.2 Characteristics of the LCMTC in comparison to spiral wound modules 
Nowadays, spiral wound membrane modules of various characteristics are available 
from different manufacturers. For design and set-up of the LCMTC, industrially relevant 
characteristics were chosen. Table 8 gives an overview of important characteristics of 
SWM in comparison to the LCMTC set-up.  
Table 8  Characteristics of SWM in comparison to the LCMTC.  
Characteristics Unit LCMTC 
Industrial 
SWM* 
Ref. 
Active membrane 
length**  
m 0.91 0.91 [148] 
Spacer thickness mil 31-47 20-47 [23, 24] 
Permeate flux L m-² h-1 12-45 12-45 [27] 
Feed pressure bar 5-40 5-80 [27] 
Cross-flow 
velocity 
m s-1 0.07-0.2 0.07-0.2 [23] 
Recovery*** % 4-9 8-18 [149] 
Salt rejection % 95- >99 95-99; >99 [27, 148] 
*For both brackish and seawater RO. 
**Active membrane length is the membrane length producing permeate (between the glue lines).  
***The recovery of the LCMTC is lower since a membrane is present at one side of the feed spacer only. 
 
The effective membrane length of a full scale SWM (taking into account the glue line 
of the membrane [148]) was measured in a SWM from Koch membrane systems, USA 
(FLUID SYSTEMS® TFC® – FR 4” ELEMENT). The effective (producing permeate) 
membrane length for both industrial modules and the LCMTC is 0.91 m. The variety of 
feed spacer thicknesses in industrial SWM ranges between 0.508 mm (20 mil) and 
1.194 mm (47 mil). Spacer have different characteristics regarding porosity and 
geometries [23, 24]. Depending on the water salt concentration and applied pressure 
a permeate flux of 12-45 L m-² h-1 is used in practice and can be applied in the LCMTC. 
The range of overflow velocity over the pressure vessel usually varies between 0.2 m 
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s-1 at the feed side and 0.07 m s-1 at the concentrate side. However, with the test cell 
also higher flow velocities up to 0.6 m s-1 are possible. When operating one LCMTC 
under process conditions used in industry, a recovery of 4-9% is achievable, which 
corresponds to approximately 50% of the recovery of one SWM. This is due to the fact 
that industrial SWM have a spacer-filled feed channel enclosed by 2 membrane 
sheets, whereas the channel in the test cell is enclosed by one membrane and the 
PMMA cover (not producing permeate). Conclusively, the table shows that the 
characteristics of the LCMTC set-up are in good agreement with those of SWM applied 
in practice. 
3.1.3 Set-up and pilot plant 
The test cell was closed using stainless steel connectors and pipes (Swagelok, 
Germany). Sensitive pressure transmitters (before and after the test cell, IMP 331, ICS 
Schneider Messtechnik GmbH, Germany) were used for high-resolution TMP and FCP 
measurement. The high-pressure membrane metering pump (Hydracell P200, 
Wanner) was purchased from Verder Deutschland GmbH. A flow meter (Turbine 
impeller wheel PEL, Kobold Messring, Germany) was installed to measure the feed 
flow into the system. Temperature measurements were performed with a resistance 
thermometer PT100, TMH GmbH Germany. Temperature inside the feed water 
reservoir was controlled with a heating element connected to a thermostat 
(Rommelsbacher, Germany). For constant pressure experiments, a mechanical 
pressure relief valve from Swagelok, Germany, was installed. The flow chart of the set-
up is shown in Figure 10; here one LCMTC was operated with the set-up. The set-up 
is extendable to connect up to 6 test cells in series, allowing investigations under 
conditions in pressure vessels. FCP, permeability and salt passage can be monitored 
over time in each cell and of cells operated in series. Process control and data 
acquisition was performed with the hardware technology TopMessage, Delphin 
Technology AG, Germany. 
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Figure 10: Flow chart of the developed set-up operating one LCMTC; 1 Safety 
regulating valve, 2 non-return valve, 3 dosage pump, 4 high pressure 
metering pump, 5 safety relief valve, 6 pressure gauge, 7 flow meter, 8 
pressure sensor, 9 thermometer, 10 sampling valve, 11 pressure relief 
valve. 
3.1.4 Validation of the hydraulic behavior  
3.1.4.1 Experimental investigation of the flow field 
In order to determine the flow regime in a spacer-filled channel, a pulse of the 
concentrated dye Rhodamine B was added to the feed water (tap water) shortly before 
the feed water enters the feed channel. The feed inflow had a velocity of 0.16 m s-1. 
When the dye front entered the visible area of the test cell photographs of the section 
between 0.4 and 0.6 m over the flow cell length were taken for evaluation. The feed 
spacer (0.787 mm, 31 mil in height, diamond shape) was purchased from 
Hydranautics, USA. The membrane was taken from a commercial 4” spiral wound 
module (ESPA2, Hydranautics, USA). Before the study, the membrane system was 
operated for 12 hours with deionized (DI) water. During the assessment of the flow 
regime, the test cell was operated without permeate production. 
3.1.4.2 Hydraulic characterization: relationship between pressure drop and linear flow velocity  
An approach to quantify hydraulic behavior in full scale SWM and spacer-filled flow 
channels was developed by Schock and Miquel [24]. This approach was used to 
validate the hydrodynamic performance of the LCMTC. Schock and Miquel 
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investigated the relationship between pressure drop Δp and the effective cross-flow 
velocity veff in spacer-filled channels which is described according to 
Sph
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Where the pressure drop Δp is dependent on the friction coefficient λ, the effective 
cross-flow velocity veff, the density of the fluid ρ, the channel length LCh and the 
hydraulic diameter of the spacer-filled channel dh,Sp. 
The friction coefficient λ was determined empirically by Schock and Miquel [24] as 
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Where the Reynolds number Re is defined as 
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With η appointed as the dynamic viscosity. 
The effective velocity veff is derived from the linear flow velocity v and the porosity ε of 
the spacer-filled channel [24, 150]: 
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Where VSp and Vtot are the volume of the spacer and the total channel volume, 
respectively. 
Thus, for validation of the flow regime in the LCMTC, the dependence between 
pressure drop (Δp) and the linear flow velocity v in the feed channel of the LCMTC was 
determined experimentally. The results were compared with the relation according to 
Schock and Miquel for full-scale modules.  
Further, 2 different spacers of diamond shape were used to investigate the impact of 
the spacer height onto the hydraulic behavior. Spacer A of 0.787 mm (31 mil) thickness 
was purchased from Hydranautics (USA). Spacer A completely filled the feed channel 
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height, in the same way as found in practice (SWM). The other spacer B was 0.711 mm 
(28 mil, Koch Membrane Systems, USA) thick and thus of smaller height than the feed 
channel. The feed pressure was set to 2.5 bar and 15 bar, respectively. For validation, 
Δp data were collected with an increasing flow velocity followed by a decreasing flow 
velocity (increasing from 0.09 m s-1 and declining from 0.64 m s-1).  
The membrane was taken from a FLUID SYSTEMS® TFC® – FR 4” ELEMENT module, 
Koch Membrane Systems, USA. Before use, the membrane was flushed and 
compacted for 12 hours with DI water. During the assessment of the flow regime, the 
test cell was operated without permeate production. 
Sensitivity analysis was done determining the impact of parameters change on the 
feed channel pressure drop theoretically, based on the relationship of Shock and 
Miquel [24], equation (1). Influencing parameters of the experimental conditions 
(temperature, velocity) and the experimental design (spacer height, mesh length, 
channel height, spacer filament thickness, and channel length) were varied ±100% and 
their influence on the feed channel pressure drop was determined individually. In all 
cases, water was assumed as feed fluid. 
3.1.5 Biofouling investigations with one LCMTC 
3.1.5.1 Experimental  
In the biofouling study, tap water with an unadjusted pH of 7.6 ± 0.2, after passing a 
10-µm cartridge filter and an activated carbon filter for particle and chlorine removal 
(both Weinert Prozesstechnik GmbH, Germany) was continuously used as feed to the 
LCMTC.  
To ensure microbial growth, biodegradable nutrients for bacteria were dosed to the 
feed water. The nutrients were provided in a stock solution of pH 11.5 to avoid microbial 
growth in the stock solution. Sodium acetate, sodium dihydrogen phosphate, and 
sodium nitrate (all Merck KGaA, Germany) were dissolved in DI water with a ratio of 
100:20:10. The nutrient stock solution was dosed continuously to the feed using 
Stepdos dosage pump (KNF, Switzerland), resulting in a feed concentration of 
0.5 mg L-1 carbon, 0.1 mg L-1 nitrogen, and 0.05 mg L-1 phosphate-phosphorous. The 
system was run continuously; permeate and concentrate were discharged. 
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A new, low fouling brackish water thin film composite RO membrane was used for the 
experiment, obtained from a commercial 4” spiral wound module (Koch Membrane 
Systems, USA, FLUID SYSTEMS® TFC® – FR 4” ELEMENT). Before the experiments, 
the membrane system was run with DI water at a pressure of 9 bar for 12 hours to 
compact the membrane and was stabilized with tap water for 12 hours. The inserted 
feed spacer was a 0.787 mm (31 mil) diamond spacer from Hydranautics (USA). 
Process conditions of the experiment are summarized in Table 9. Temperature, flow 
rate, and system pressure were kept constant. Minor temperature fluctuation that 
occurred and influenced the permeate flux were taken into account by a temperature 
correction factor, as given by the membrane manufacturer. The flux was determined 
via manual permeate collection (duplicates over 20 minutes). The experiment was 
stopped when >10% permeability decline was achieved, occurring after 6 days.  
Table 9:  Feed water and LCMTC operating conditions during the biofouling 
experiment. 
Characteristics unit value 
Temperature °C 25 
Feed DOC mg L-1 0.3 
Feed conductivity µS cm-1 ~260 
Initial permeate flux L m-² h-1 24 
Feed pressure Bar 4.8 
Cross-flow velocity (channel entry) m s-1 0.16 
Feed inflow L h-1 15.5 
Initial recovery % 5.6 
Nutrient dosage (carbon) mg C L-1 0.5 
Spacer thickness mm 0.787 
Effective channel length m 0.91 
 
During the biofouling experiment feed channel pressure drop was calculated as  
Δp = pin – pout              (6) 
The permeability PSeg is obtained by dividing the flux of a segment JSeg by the 
corresponding average pressure Segp :  
Seg
Seg
Seg
p
J
P                  (7) 
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It was assumed that the pressure drop over the length of the membrane module was 
linear. The normalized permeability, that is given in the experimental section, derived 
from dividing the permeability over time by the initial permeability at t=0. 
The salt passage SSeg was determined as 
%100
,
,

SegF
SegP
Seg
c
c
S              (8) 
Here, cP,Seg is the permeate conductivity of each of the 5 segments over the LCMTC 
length and SegFc ,  is the average feed concentration for each segment. Simplistically, 
it was assumed that the feed water salt concentration increases due to permeate 
production over the length of the membrane module was linear. The normalized salt 
passage, that is given in the experimental section, derived from dividing the salt 
passage over time by the initial salt passage at t=0. 
The total hydraulic resistance Rtot of the biofouled system was calculated from the 
permeability P and the dynamic viscosity η of the feed [151]: 
𝑅𝑡𝑜𝑡 =
1
𝜂∙𝑃
               (9) 
The total hydraulic resistance of the biofilm-membrane system Rtot further can be 
obtained as sum of the individual resistances:  
𝑅𝑡𝑜𝑡 = 𝑅𝑀 + 𝑅𝐶𝑃,𝑖 + 𝑅𝐶𝑃,𝐹 + 𝑅𝐵𝐹                   (10) 
In this equation, RM refers to the membrane resistance, RCP,I to the resistance due to 
the initial concentration polarization, RCP,F to the cake-enhanced osmotic pressure [38, 
85] due to biofouling and the term RBF to the resistance due to the formed biofilm. 
Initially, at the beginning of the experiment, no biofilm was formed and thus the terms 
RCP,F and RBF equaled zero.  
3.1.5.2 Analysis of the fouling layer 
The amount of the accumulated fouling layer was analyzed after the experiment was 
completed. Fouling layer was analyzed for DOC, adenosine tri phosphate (ATP) and 
DOC fractions.   
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Extraction of foulants 
The fouling layer was removed from both the membrane and the feed spacers, 
separately for each of the 5 segments. The membrane sheet of each of the 5 segments 
over the LCMTC length together with the corresponding spacer was placed in tubes 
with 50 mL solvent to measure the specific amount of foulant per membrane surface 
area. For organic carbon analysis of the fouling layer, DI water was used as solvent 
and for ATP analysis sterile tap water was used. Shortly after sampling membrane and 
spacer were treated with ultrasound for extraction and dispersion of the foulant. The 
treatment procedure was performed with ultrasonic water bath (output 45 kHz, 130 W, 
VWR Ultrasonic cleaner, Germany) for 6  2 minutes and in between mixing with a 
vortex shaker (VV3, VWR, Germany) for 15 seconds.  
Analytics 
The suspension was then analyzed with LC-OCD-OND (liquid chromatography – 
organic carbon detection – organic nitrogen detection, abbreviated as LC-OCD) 
system, Model 8, DOC Labor Huber (Germany) for determination and quantification of 
dissolved organic fractions. The analysis is based on size exclusion chromatography 
performed with a weak cation exchange chromatographic column (TSK HW50S, Toso, 
Japan). Multi-detection with UV absorbance (254 nm) and organic carbon/organic 
nitrogen detection determines the amounts of DOC of the extracted foulants. The 
device contains a 0.45 µm filter prior to the size exclusion column. Software 
(FIFFIKUS) was used for the interpretation of the chromatograms.  
In addition to organic material, also active biomass (ATP) was determined. Samples 
were prepared according to the technical bulletin of the BacTiterGloTM reagent [152]. 
The analysis was performed within 5 hours after sampling using the multi-functional 
reader INFINITE 200 Pro (Tecan, Germany). There, the samples were shaken for 
30 seconds, incubated for 270 seconds and then measured as relative light unit (RLU) 
at 25°C (at 570 nm wavelength). All measurements and sample preparation were 
carried out at 25°C. Samples were analyzed in duplicates. Determination of ATP 
concentration was done by converting data from a calibration curve. Calibration was 
done using a known ATP stock solution (Sigma Aldrich, Germany), measured in 
triplets. 
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3.1.6 Overview of the studies performed 
An overview of all studies with their corresponding conditions and methods is given in 
Table 10.  
Table 10  Schematic set-up and overview of studies performed. 
Study/ goal 
Conditions/ 
details 
Methods 
Feed 
spacer 
thickness 
Section 
Validation 
Flow field 
Flow field visualization with 
tracer 
31 mil 3.2.1.1 
Hydraulic 
characterization 
Appropriate spacers 31 mil 3.2.1.2 
Inappropriate spacers 28 mil 3.2.1.3 
Biofouling 
investigation 
Membrane 
performance 
Performance parameters 31 mil 3.2.2.1 
Membrane 
performance over 
length 
Performance parameters over 
length 
31 mil 3.2.2.2 
Fouling layer 
composition 
Extraction of foulants, analysis 31 mil 3.2.2.3 
 
 
3.2 Results 
3.2.1 Validation studies 
3.2.1.1 Flow field distribution 
In order to guarantee a flow field in the LCMTC comparable to full-scale modules the 
flow profile was assessed by pulse injection of a dye into the feed water of the test cell.   
The flow field was homogeneously distributed over the width of the feed channel and 
no partial fronting was observed, as shown in Figure 11. The effect of the channel walls 
(friction) on the flow field is negligible for the cell-designed width of 0.04 m. The same 
flow behavior has been found in SWMs as applied in practice [153] and smaller sized 
monitors [154]. 
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Figure 11: Flow profile in the LCMTC, visualized by injecting a pulse of a red colored 
dye (Rhodamine B) to the feed water at section 0.40 – 0.60 m of the flow 
channel, containing a 0.787 mm (31 mil) thick feed spacer. Sidebars in the 
picture originate from the metal frame on the test cell top lid. 
3.2.1.2 Hydraulic characterization 
For validation of the hydraulic behavior, the relation between crossflow velocity and 
feed channel pressure drop was determined experimentally and compared with the 
relation expected for full scale modules according to Schock and Miquel [24]. 
Thickness of the inserted feed spacer was identical to the feed channel height.  
As displayed in Figure 12A the measured relation between FCP and flow velocity for 
the test cell matched with the calculated relation very well. The test cell had the same 
hydraulic behavior and inner geometry as a SWM at both high and low pressure 
conditions and over a wide range of linear flow velocities (0.09 – 0.64 m s-1). Further, 
the rigidity of the test cell is verified. Testing of the membrane test cell (LCMTC) 
showed the representativeness for the flow field and the hydraulic behavior for SWMs 
used in practice and the suitability of the cell to study fouling. 
3.2.1.3 Characterization of hydraulic conditions using feed spacer of inappropriate thickness 
The impact of feed spacer thickness in a fixed flow channel height on the relation 
between crossflow velocity and pressure drop was assessed in a 31 mil (0.787 mm) 
high flow channel, containing (i) a 31 mil thick feed spacer and (ii) a 28 mil (0.711 mm) 
thick feed spacer.  
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The feed spacer matching the flow channel height (both 31 mil), showed a good 
agreement of the measured and calculated relation between crossflow velocity and 
pressure drop (Figure 12A, chapter 3.2.1.2).  
The results of the experiment with a thinner feed spacer in the same flow channel, 
presented in Figure 12B, showed, that the measured relation between pressure drop 
and flow velocity is not identical to the relation calculated according to Schock and 
Miquel [24]. 
 
Figure 12: Relation of FCP and linear flow velocity for the LCMTC (A) using a feed 
spacer of the same thickness as the feed channel height and (B) using a 
feed spacer with smaller thickness than the channel height.  
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Differences between theoretical calculated and experimentally measured data 
occurred. The results illustrate, that the feed spacer thickness should match the flow 
channel height when a representative monitor is pursued. In other words, the same 
hydraulic behavior as in SWMs applied in practice can be achieved in a test cell only 
when the feed spacer fit the flow channel height. 
In Figure 13, the impact of change of various parameters on the change of FCP was 
theoretically determined with a sensitivity analysis. The smallest impact on FCP 
change was caused by the temperature. Temperature affects the feed water 
characteristics density and viscosity. Biggest impact on FCP change was obtained with 
a parameter reduction of channel height, spacer mesh length and spacer height, as 
well as increase of feed flow velocity. Thus, reducing the spacer height in an 
experiment with a given channel height does influence the FCP measurement 
significantly. The data confirms the importance of appropriate experimental design with 
a special emphasis on spacer parameters.  
 
Figure 13: Sensitivity analysis: impact of influencing parameters on FCP change 
determined with the relationship of Schock and Miquel [24]. 
3.2.2 Biofouling studies 
3.2.2.1 Development of membrane performance parameters 
The test cell, containing a 31 mil feed spacer in a 31-mil high flow channel and 
membrane was (i) operated at constant feed flow and (ii) fed with fresh water 
supplemented with a biodegradable compound (acetate) to accelerate the biofouling 
rate. The development of all performance parameters was monitored over time: feed 
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channel pressure drop, permeability, and salt passage. With time FCP increased 
(Figure 14A), permeability decreased (Figure 14B) and salt passage increased 
(Figure 14C).  
 
Figure 14 Membrane performance with time in the test cell: (A) FPC increase, 
(B) permeability decline, and (C) salt passage increase. The cell was fed 
with feed water supplemented with 0.5 mg C-acetate/L to accelerate 
biofouling development. Error bars refer to standard deviation 
(permeability, n=5) and method standard deviation (salt passage).  
When the experiment was completed after 6 days, the FCP had increased by more 
than 800% (2 bar), the permeability had decreased by 13%, and salt passage had 
increased by 50%. Biofouling affected all membrane performance parameters.  
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The test cell is appropriate to simultaneously monitor all membrane performance 
parameters. 
3.2.2.2 Impact of biofouling on performance parameters over membrane length 
The development of permeability and salt passage at 5 locations over the test cell 
length was monitored with time during the biofouling study.  
Each of the 5 locations had the same membrane length (Figure 9). With increasing 
distance to the test cell feed side, the permeate producing segment locations were 
0-18, 18-36, 36-54, 54-72 and 72-90 cm. The feed water inflow salinity was constant. 
The permeability of all segments decreased gradually over time (Figure 15). The 
permeability decline of the lead segment was fastest and strongest (20%), and 
smallest at the end segment (3%). With increasing distance to the test cell feed side, 
the permeability decline was reduced.  
 
Figure 15  Permeability decline over the test cell length with time during biofouling 
development. Error bars indicate method standard deviation. 
From the permeability data over time and length the resistance of the fouling layer 
RCP,F + RBF was calculated (Figure 16). The resistance of the fouling layer at the test 
cell inlet side was largest and earlier developing as that from the other parts. Over the 
length, fouling layer resistance reduces. 
The salt passage during the biofouling studies was measured along the length of the 
membrane and over time for all 5 segments. To avoid overlapping curves only segment 
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1, 3 and 5 were displayed (Figure 17). The salt passage was constant over the first 
4 days. From day 4, salt passage at all segments over the test cell length increased 
simultaneously and to the same extent. At the end of the 6 days biofouling study, salt 
passage had increased over 50%. 
 
Figure 16  Development of the fouling layer resistance with time over the length of 
the membrane test cell. 
 
Figure 17 Normalized salt passage over the test cell length (position 1, 3 and 5) 
during biofouling development Error bars indicate method standard 
deviation. 
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3.2.2.3 Characterization of the fouling layer 
After completing the experiment, the test cell was opened non-destructively and 
accumulated fouling material was sampled. The fouling layer was extracted from both 
membrane and spacer together and sampled for ATP, DOC, and DOC fractions.  
The concentration of active biomass, measured as ATP per area (Figure 18A), and 
DOC (Figure 18B) were highest at the test cell inlet side and declined over the length 
of the test cell. Over the total length between 1.1 × 105  to 0.65 × 105  pg cm-² ATP and 
20 to 13 µg cm-² of DOC accumulated. 
With the LC-OCD method, the extracted organic material was analyzed according to 
the classification of Huber [136]. The accumulated organic material was mainly 
composed of biopolymers (~50%) and the smallest amount was attributed to low 
molecular weight acids (~1%, Figure 18C).  
High biomass concentrations were found on the membrane and feed spacer and most 
biomass was present at the first 18 cm of the test cell, which is characteristic for 
biofouling in spiral-wound membrane systems caused by biofilm accumulation.  
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Figure 18 Foulants on the membrane surface in different segments after 6 days 
biofouling study: (A) Biomass, measured as ATP per membrane surface 
area. (B) Organic carbon, measured as DOC per membrane surface area, 
(C) Variation of the relative contribution of different DOC fractions to the 
DOC surface concentration. Error bars indicate method standard deviation 
method standard deviation. 
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3.3 Discussion 
3.3.1 The test cell is validated and suitable to investigate fouling under industrial 
conditions 
The LCMTC has the same flow field and same hydrodynamic behavior (Figure 11 
and 12), and the same flow channel height and length (Table 8) as SWM used in 
practice. With the test cell and the accompanied set-up, all performance parameters 
(feed channel pressure drop, membrane permeability, and salt passage) can be 
monitored simultaneously under controlled, validated conditions. The complete 
analysis of feed, permeate and concentrate composition, membrane performance, flow 
field and fouling layer composition over the membrane length enables a thorough 
investigation of fouling formation in membrane lab systems. With the LCMTC, the 
deposited foulants can be related to the performance parameters permeability and salt 
passage at 5 distinct locations over membrane length (Figure 9, 15 and 17).  
The biofouling study showed an impact on all membrane performance parameters 
(Figure 14). Feed channel pressure drop, membrane permeability, as well as salt 
passage deteriorated in their performance due to deposited biofilm on the membrane 
and the spacer. Over feed channel length, a stronger impact of biofilm formation on 
the membrane permeability was found at the test cell’s first 20 cm, decreasing towards 
the tail parts (Figure 15). These findings correlated with the fouling accumulations: 
most deposits were found at the test cells inlet part. In other studies, e.g. [54, 155], a 
declining gradient of fouling deposits was described with increasing distance to the 
lead module. Their results are in agreement with the present findings.  
In the presented study, the found deposits of organic material and microbial activity on 
membrane and spacer were in accordance with the extent of permeability change over 
length, and also with the resistance due to fouling layer formation (Figure 16 and 18). 
Over the total length between 0.65105 to 0.11105 pg cm-² ATP and 20 to 13 µg cm-² 
of DOC were found on both membrane and spacer, which is comparable to that found 
by others: Miller et al. found 0.2105 pg cm-²  ATP in an experiment with 0.5 mg L-1 
dosage of C-acetate [156]. Dreszer at al. analyzed 70-90 µg cm-² TOC in an 
experiment when dosing 1.0 mg L-1 C-acetate [84]. The amount and distribution of 
fouling over the LCMTC is in the agreement with data from membrane modules used 
in practice and lab scale biofouling studies, underlining the suitability of the LCMTC for 
membrane fouling research. Evidently, the LCMTC is representative to be used for the 
investigation of fouling under hydraulic conditions identical to those in SWM’s. 
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3.3.2 Representative test cells for practice needed 
Often, publications in peer-reviewed journals presenting test cells for fouling control 
studies do not contain data on monitor validation. However, (bio-) fouling control 
approaches under non-representative laboratory conditions are most probably not 
predictive for industrial practice [16]. 
In a validation study, a feed spacer matching the flow channel height showed a good 
agreement of the measured and calculated relation between crossflow velocity and 
pressure drop. However, when a thinner spacer in the same flow channel was used, a 
difference between the measured and calculated relation between crossflow velocity 
and pressure drop was obtained. When the feed spacer thickness is smaller than the 
channel height, the hydraulic conditions in the test system are changed and the 
following effects can occur: (i) The feed water flow partly bypasses the spacer, due to 
the horizontal resistance to the flow, created by the feed spacer. Further, (ii) a reduced 
pressure drop is expected (Figure 12B). This effect is important notably in fouling 
studies, where particles, bacteria or colloids possibly accumulate within the mesh of 
the feed spacer (e.g. biofouling, particulate or colloidal fouling) [157]. Reliable pressure 
drop measurements are important. Further, (iii) unrepresentative microstructures could 
possibly lead to unrepresentative fouling formation. The hydrodynamic conditions 
within the spacer meshes are generated by the spacer itself and its position towards 
the channel walls (i.e. membrane) [35].  
Depending on the goal of the investigation, a spacer in an unrepresentative flow field 
could therefore lead to unacceptable results. In a study by Huang et al. these 
unrepresentative conditions even lead to the suggestion to use the constructed lab test 
cell without spacer [102]. The flow through the spacer-filled channel determines the 
hydrodynamic conditions: the FCP, the shear stress on the membrane and the lateral 
mixing of occurring vortices [158]. The mass transfer enhancement is therefore directly 
connected to the spacer-imposed hydrodynamics [159]. The important role of the 
spacer with respect to the hydrodynamic conditions is emphasized. Experimental 
fouling investigations under lab conditions (i.e. test cells) are only representative when 
feed spacers fit the feed channel height. Further, it is important, to report validation of 
lab test cell systems. 
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3.3.3 Potential fields of LCMTC use 
 A unique feature of the LCMTC is that the permeability and salt passage can be 
monitored at 5 locations over the test cell length and compared with the accumulated 
fouling amount and composition on these 5 locations. Information on the development 
over the membrane module length of membrane performance parameters and fouling 
accumulation is expected to (i) increase the understanding of the impact of biofouling 
on membrane performance and (ii) contribute to the development of knowledge-based 
strategies for biofouling control. 
In series operation of LCMTC cells enables to simulate a pilot plant at a smaller scale 
and footprint and a lower water and chemical use (e.g. antiscalant). 4 test cells have 
been tested in series to simulate a pressure vessel containing 4 membrane elements 
and the LCMTC was found suitable (data not shown). Chemicals and cleaning regimes 
can be tested and selected with minimal cost and environmental impact. Preventive 
and curative (bio-) fouling control strategies can be studied using the cells in parallel 
operation. 
The presented LCMTC is suitable to determine the development of membrane 
performance parameters and fouling over the length. This can provide clarity of the 
impact of biofouling on membrane performance and in which order and to which degree 
membrane performance parameters are influenced. A relation between feed 
characteristics, fouling distribution and membrane performance can directly be 
investigated. Such insight will enable better monitoring of fouling and more directed 
actions to develop membrane systems less susceptible to (bio-) fouling. 
3.4 Conclusions 
The developed Long Channel Membrane Test Cell enables the study of fouling over 
the full length of industrial spiral wound modules. Several important characteristics to 
study fouling integrative in full-scale applications are combined: The monitoring of all 
performance parameters (feed channel pressure drop, permeability, and salt passage) 
in a representative, validated system of full-scale dimensions and hydraulics at various 
pressures used in practice, with in-situ direct imaging possibilities and non-destructive 
fouling diagnosis. The performance parameters pressure drop in the feed channel, as 
well as salt passage and permeate flux in 5 sections over the full length can be 
monitored continuously and be connected locally to foulant deposits (amount and 
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characteristics). This allows systematic fouling and fouling control investigations under 
conditions as in practice, which is a unique feature of the constructed test cell. 
Validation of the test cell demonstrated the undisturbed flow field and representative 
flow behavior. Suitable feed spacers need to be used with the same thickness as the 
feed channel height, ensuring a flow without bypass and accurate experimental 
measurements, especially of feed channel pressure drop. 
The test cell is suitable to study the impact of biofilm development and biofouling 
control strategies on all membrane module performance parameters, under 
representative conditions for in practice used membrane elements.    
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4 Impact of biofouling development on membrane performance 
parameters: feed channel pressure drop, permeability and 
salt rejection 
4.1 Materials and methods 
4.1.1 Set-up and pilot plant 
4.1.1.1 Long Channel Membrane Test Cell 
Biofouling development was investigated with 0.91 m long membrane test cells. 
Further details and description of the test cells’ characteristics are given in 
chapter 3.1.1. 
The test cells were equipped with feed and permeate spacers (Hydranautics, USA). 
The used membrane ESPA2 was also purchased from Hydranautics (USA) and was 
made of polyamide. The membrane characteristics, based on literature and 
manufacturer’s data, are summarized in Table 11. The membrane is a low-pressure 
RO membrane.  
Table 11 Characteristics of the used membrane, based on manufacturer’s data 
and literature. 
Characteristics/ conditions/ units 
ESPA2 
(Hydranautics) 
Ref. 
NaCl rejection/ 1.5 g L-1 feed/ % 99.6 [160] 
Test pressure/ - / bar 10.5 [160] 
Zeta potential/ pH 7, 10 mM KCl/ mV -26 ± 10 [9, 161, 162] 
Charge/ pH 7/ - negative [161] 
Roughness (root mean square)/ - / nm 54 ± 20 [9, 163, 164] 
Contact angle/ - / ° 44 ± 9 [9, 161, 162] 
 
The test cells were validated with respect to the hydraulic behavior of spiral wound 
modules. The detailed description of the test cells and its validation is given in the 
previous chapter (chapter 3.2.1). 
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4.1.1.2 Pilot plant  
The experiments were conducted with one test cell and with 4 test cells connected in 
series. Figure 19 presents a scheme of the experimental set-up. The used set-up, to 
which the test cells were connected, along with devices and the online measurement, 
is described in detail in chapter 3.1.3. 
 
Figure 19  Set-up for the biofouling studies allowing to connect one test cell or 4 test 
cells in series. 
4.1.2 Experimental procedures and sampling 
4.1.2.1 Biofouling investigations with one and 4 test cells in series 
The biofouling studies were performed in the same way as described in 
chapter 3.1.5.1. Nutrients were dosed to the feed water of the test cells to accelerate 
the biofouling development. The same procedure of nutrient dosage and nutrient 
composition was used as described in chapter 3.1.5.1. Sodium acetate, sodium 
dihydrogen phosphate, and sodium nitrate (all Merck KGaA, Germany) were dissolved 
in DI water with a ratio of 100:20:10. During the studies, the resulting feed water 
concentration of carbon was either 0.5 mg L-1 carbon, or 0.1 mg L-1 carbon.  
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New feed and permeate spacers, as well as new membranes were used for each 
study. Prior to the experiment, membrane and spacer were flushed and compacted 
with DI water for 12 hours at the chosen process pressure. Afterwards, they were 
stabilized for 12 hours with DI water, enriched with the desired salt concentration. 
During the biofouling studies, the transparent cells and the substrate reservoir were 
covered to avoid growth of phototrophic bacteria. 
For all experiments, the flow and water production conditions in the test cells were 
equal to those in membrane modules applied for industrial water production. Thus, the 
initial flux of the first test cell was set to 24 L m-2 h-1. Feed pressure was adjusted 
accordingly and kept constant during operation. The temperature was kept constant 
at 25±0.5 °C. For permeability determination, the permeate was collected manually 
over 20 minutes in duplicates. The studies were stopped when the permeability 
reduction exceeded >10%, which occurred in 6 days (0.5 mg L-1 carbon) and 12 days 
(0.1 mg L-1 carbon) of operation. Afterwards destructive sampling of accumulated 
biofilms was performed. Feed water and concentrate were sampled daily and analyzed 
for pH, conductivity, and DOC. Process parameters of the experiments and an 
overview of all studies performed are given in Table 12. 
Table 12  Schematic set-up and overview of the studies performed. I, II and III 
indicate independent studies.  
Study/ goal  
Acetate 
[mg C L-1] 
Exp. 
conditions 
Spacer  
[mil] 
Test cell 
configuration 
Section 
General 
impact of 
biofouling on 
membrane 
performance 
I 0.5 
 Initial flux 
1st cell:  
24 L m-² h-1 
 Inflow 
velocity: 
0.16 m s-1 
 Feed 
inflow: 
15.5 L h-1 
 Feed DOC 
(tap water): 
0.25 mg L-1 
31  4.2.1 
Spatial 
deposition of 
foulants 
I 0.5 31  
4.2.2 
II 0.5 31  
Spatial impact 
of biofouling 
on membrane 
performance  
I 0.5 31  
4.2.3 
II 0.5 31  
Membrane 
performance 
with high and 
low substrate 
concentration 
I 0.5 31  
4.2.4 
III 0.1 31  
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During the study, feed channel pressure drop Δp was calculated according to 
equation (6). The permeability PSeg was calculated separately for the 5 segments over 
the test cell length according to equation (7). Both equations are given in 
chapter 3.1.5.1. 
For each test cell, the loss of system pressure was calculated as 
𝑝0̅̅̅̅ −𝑝𝑒𝑛𝑑̅̅ ̅̅ ̅̅ ̅
𝑝0̅̅̅̅
∙ 100%              (11) 
Where 
0p  and endp  are average pressures over the test cell at the beginning (t=0 d) and 
the end (t=6 d) of the experiment, respectively.  
For each segment, salt rejection RSeg was determined: 
%100)1(
,
,

SegF
SegP
Seg
c
c
R           (12) 
cP,Seg is the permeate conductivity of each segment and SegFc ,  is the average feed 
concentration for each segment. Simplistically, the feed salt concentration increase 
due to permeate production was assumed to be linear over the test cell length. In the 
results, the rejection is mostly given as normalized rejection. This means that the 
rejection, measured over time, was divided by the initial rejection value at t=0.  
4.1.2.2 Analysis of the fouling layer 
After the experiment, the fouling layer (both from the membrane and from the feed 
spacer) was extracted to determine the specific amount of foulant per membrane 
surface area. The procedure is given in chapter 3.1.5.2. The fouling layer was analyzed 
for DOC and ATP concentration.  
4.1.2.3 Analytics 
DOC concentration was analyzed with the LC-OCD method using a LC-OCD-OND 
system (Model 8, DOC Labor, Germany). Further details are given in chapter 3.1.5.2. 
ATP was measured to determine the bacterial activity. Details on the measurement 
and sample preparation are given in chapter 3.1.5.2. 
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Feed, permeate and concentrate were controlled daily for pH (performed with pH/ oxi 
340i; WTW, Germany) and conductivity (performed with multi 340i; WTW, Germany). 
4.2 Results  
4.2.1 General impact of biofouling on performance parameters 
In order to characterize and to investigate the impact of biofouling on membrane 
performance parameters, the development of biofouling was accelerated by dosing an 
easy assimilable substrate to the test cell feed water. One test cell was used in this 
study, representing one SWM.  
Figure 20 demonstrates the impact of biofouling on all performance parameters over 
the membrane installation.  
 
Figure 20 Development of normalized membrane performance parameters caused 
by biofilm accumulation in a one meter long test cell; A) Feed channel 
pressure drop, B) Permeability, C) Salt rejection, D) Accumulated foulants 
after 6 days of experiment. Error bars indicate standard deviation (n=5, 
permeability) and method standard deviation (salt rejection, DOC, ATP). 
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During the 6-day study, the FCP increased by more than 800% (Figure 20A), the 
permeability declined by 12% (Figure 20B), and the salt rejection reduced by 0.8% 
(Figure 20C). Organic carbon and ATP accumulated on both membrane and spacer 
surface (Figure 20D), proving the occurrence of biofouling. Within the duration of the 
study, all performance parameters were impacted by the development of biofouling. 
The experiment was repeated with 4 test cells in series and similar results were 
achieved. These results, as well as the original data of Figure 20, are attached to the 
appendix B (Figure B1). The constructed test cells were suitable to investigate 
biofouling in membrane installations representatively for industrial scale. 
A typical guideline for cleaning membrane modules suggests cleaning, when one or 
more of the following membrane performance parameters changed [165]:   
 Feed channel pressure drop increases by 10-15%, 
 Permeability declines by 10%,  
 Salt rejection declines by 5-10%.  
In the present study, the 10% change of the FCP was achieved earliest and was largest 
compared to the other performance parameters (Table 13). FCP was the most 
sensitive performance parameter that enabled early detection of reduced membrane 
performance.  
Table 13  Time needed to observe 10% decline of performance parameters: 
FCP, permeability and salt rejection, as well as the total performance 
change after the 6-day study. The nutrient dosage was 0.5 mg C L-1. 
Performance 
parameters 
Time needed to achieve 
10% change 
Total change after 
6 days of experiment 
FCP 1.7 days 800% 
Permeability 5.4 days 12% 
Salt rejection > 6 days 0.8% 
 
4.2.2 Spatial-resolved accumulation of biomass in the membrane installation 
4.2.2.1 Accumulation of biomass over the length of the membrane test cells 
Biofouling was investigated in one test cell and in 4 test cells set in series, representing 
one SWM and a pressure vessel with 4 SWM’s, respectively. Accumulated foulants 
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(both organic carbon and ATP) were removed after the experiments were completed 
from both the membrane and the spacer surface. The highest amount of foulants per 
area accumulated at the lead sections of the membrane installations, similar both for 
one test cell and 4 test cells in series (Figure 21). For all cases of accumulated foulants, 
a declining gradient in fouling amount towards the tail section occurred. These findings 
were even more distinct in the experiments with 4 test cells in series (Figure 21B 
and 21D). 
 
Figure 21 Accumulated foulants over the length of the membrane installation in one 
long channel test cell (0…1 m) and 4 test cells in series (0…4 m), shown 
as organic carbon (A+B) and bacterial activity ATP (C+D). The test cells 
were operated for 6 days. Error bars indicate method standard deviation. 
4.2.2.2 Concentration of DOC in feed and concentrate over time and membrane length 
In order to investigate the link between accumulated biofilm and available substrate, 
the concentration of DOC was monitored in the feed and in the concentrate of each 
test cell. Acetate, as carbon source, was dosed continuously over the total 
experimental duration, resulting in a dosed concentration of 500 µg C-acetate L-1 in the 
feed water. Over time, the feed DOC concentration of the tap water prior to substrate 
dosage remained constant at ~200-250 µg L-1 (Figure 22). The dosed acetate, 
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together with the DOC of the tap water, resulted in a total DOC concentration of 
~700-750 µg L-1.  
For both experiments with one and 4 test cells, the dosed acetate together with the 
DOC of the tap water were measureable only at the starting time (t= 0 days). All 
subsequent DOC measurements over time showed a concentration of 
~200-250 µg L-1, which is the same as the initial feed prior to dosage. Since permeation 
of acetate through the RO membrane was not observed, the results indicate rapid 
acetate consumption inside the first test cell within about 1.4 and 1.8 days, 
respectively, after starting the experiment. After this time, most substrate was used in 
the first test cell, strongly reducing the substrate concentration in the water feeding the 
subsequent cells. These findings were confirmed with 3 further studies of different 
substrate load. The data is attached to the supplementary material, appendix B, 
Figure B2. 
 
Figure 22 DOC concentration in the feed water prior to substrate dosage and the 
concentrate after each test cell for A) one long channel test cell and 
B) 4 test cells in series. Error bars indicate method standard deviation. 
4.2.3 Spatial-resolved impact of biofouling on performance parameters 
4.2.3.1 Feed channel pressure drop and driving forces 
In 2 independent biofouling studies with one test cell and 4 test cells set in series, 
0.5 mg C L-1 acetate was dosed as nutrient source to the feed (tap water). The FCP 
was recorded for each test cell.  
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Over time, the FCP increased in all test cells (Figure 23 A+B), but most severely at the 
inlet part of the membrane installation (test cell 1, Figure 23B). The FCP increase of 
about 2.0 bar in the first test cell’s feed channel (0…1 m) was significantly higher than 
the one recorded in the test cells connected behind. In the second test cell (1…2 m) 
0.35 bar FCP increase was measured and in the subsequent cells 0.1 and 0.07 bar 
FCP increase occurred. These findings are in accordance with the spatial distribution 
of accumulated biofilm, as shown in the previous chapter (4.2.2.1). Significantly more 
accumulated biomass was found in the test cell’s lead sections. 
 
Figure 23 Spatial-resolved feed channel pressure drop development induced by 
substrate dosage A) over the length of one long channel test cell (0…1 m) 
and B) 4 membrane test cells in series (0…4 m). 
When FCP occurs, the local driving forces in the pressure vessel are affected. At the 
end of the experiment, the FCP increase was highest in the lead test cell, resulting in 
25% reduced pressure in that cell (Figure 24).  
 
Figure 24 Feed channel pressure drop increase of each test cell individually after 
6 days of operation in a 4-test-cell membrane installation.  
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The increased FCP over the lead test cell led to an increased loss of driving force in 
the test cells of the tail part. This effect was especially severe in the tail sections, which 
suffered from a 55% loss of pressure (comparison of initial pressure with pressure at 
the end of the 6-day study). 
4.2.3.2 Permeability 
The strongest performance decline of the permeability was found in the lead section 
during both experiments (Figure 25). At the end of the 6-day study, the permeability 
decline along the length of one test cell was 20%, 14%, 14%, 11% and 5% (segments 
1 to 5, Figure 25A). Similar results were obtained for studies with 4 test cells in series: 
The permeability declined in all test cells, but the strongest and the earliest decline 
was found in the lead test cell (Figure 25B). The results are in accordance with the 
deposition of biofilm along the test cell length. Most fouling deposits were found at the 
lead part of one test cell and in the first test cell of the series (Figure 21). 
 
Figure 25 Spatial-resolved permeability development induced by substrate dosage 
over the length of (A) one long channel test cell (0…1 m) and  
(B) 4 membrane test cells in series (0…4 m). Error bars indicate method 
standard deviation. 
The permeate production, presented as permeability (Figure 26A) and flux 
(Figure 26B), was lowest in the tail part of the membrane installation, even though only 
small amounts of foulants accumulated there. The decline in permeability 
corresponded with the reduced driving forces over length (Figure 24). The effective 
inflow velocity to test cell 1 was always 0.16 m s-1.  
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Figure 26 Initial and final (A) permeability and (B) flux of the fouling experiment at 
the end of the 6-days experiment in a 4-test-cell membrane installation. 
Error bars indicate method standard deviation. 
4.2.3.3 Salt rejection 
The salt rejection development was monitored over the length of the membrane and 
over time.  
The results for 3 segments of the 6-day experiment with one test cell are shown in 
Figure 27A. The 3 segments were selected to avoid overlapping of the curves. At the 
end of the experiment, the salt rejection decline was slightly stronger (1.3%) for 
segment 1 (lead section), compared to the other segments (0.7%). This data is in 
accordance with the accumulated biofilm deposits and the corresponding permeability 
decline (Figure 21 and Figure 25).  
 
Figure 27 Normalized salt rejection over the length of one long channel test cell 
(0…1 m) and 4 membrane test cells in series (0…4 m). Error bars indicate 
method standard deviation. 
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In the experiment with 4 test cells, salt rejection decreased over time in all cells 
(Figure 27B). The earliest start of salt rejection decrease happened in the lead cell, 
where also most biofilm accumulated. However, at the end of the 6-day experiment, 
the strongest salt rejection decline was found in the tail test cell (2.2%), and best 
performance showed the first test cell (0.8%), with a gradient in between. These results 
are contradicting to what was expected, when comparing to the amounts of 
accumulated biofilm. It suggests that salt rejection was affected by other parameters. 
In general, performance change of salt rejection was less than performance change of 
FCP and permeability. 
4.2.4 Membrane performance development with high and low feed water substrate 
concentration 
In a comparative study cell we investigated the impact of biofouling on membrane 
performance with low (0.1 mg C-acetate L-1) and high (0.5 mg C-acetate L-1) substrate 
dosage. One test cell was used.  
Biofilm formation resulted in FCP increase over time, which was observed for both 
nutrient loads (Figure 28 A+B). The FCP increased by 1.75 bar in the 6-day experiment 
with high acetate dosage and by 0.85 bar in the 12-day experiment with low acetate 
dosage. Furthermore, during the study with 0.5 mg C-acetate L-1, biofouling affected 
both permeability and salt rejection, resulting in a performance decline 
(Figure 28 C+E). However, in the study with low nutrient load (0.1 mg C-acetate L-1), 
neither permeability nor salt rejection declined in the 12-day experiment 
(Figure 28 D+F), even though a severe FCP increase occurred. As the analysis of 
foulants revealed, both organic carbon and ATP accumulated in the membrane 
channel, confirming biofilm formation. The data is attached in the appendix B (Figure 
B3).  
The results of further studies with other acetate dosages (1.0 and 
0.3 mg C-acetate L-1) are attached as additional graphs in Figure B4 of appendix B. 
The dependence of substrate load on the degree of biofilm formation on membrane 
and spacer supports the findings presented in this chapter. Both studies with a high 
and low feed water substrate concentration caused a rapid, strong increase of the feed 
channel pressure drop. 
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Figure 28 Impact of biofouling development on normalized performance parameters 
of high and low substrate dosage. A+B) Feed channel pressure drop, 
C+D) Permeability and E+F) Salt rejection. Error bars indicate standard 
deviation (n=5, permeability and salt rejection). 
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4.3 Discussion 
4.3.1 Substrate availability determined biofilm accumulation over length and time 
In the present studies, biofouling occurred due to the accumulation of biomass in the 
membrane feed channel; the amount was comparable to was found in other studies, 
e.g. [54, 164]. Most biomass accumulated in the lead part of the membrane installation, 
with a significantly declining gradient towards the tail section (Figure 21). Studies on 
membrane modules from practice obtained similar results: Khan et al. found biofilms 
mainly in the lead section of the pressure vessel when treating tertiary 
wastewaters [54]. In drinking water systems, biofilm accumulated mainly in lead 
membrane elements, e.g. [55, 155]. However, also contradicting results were 
addressed: In a pilot scale study with seawater, evenly distributed biofilm deposits 
were found over length of a pressure vessel [54]. Xu et al. observed most biofouling in 
the tail section, when desalting non-nitrified microfiltered secondary effluents in a pilot 
scale study [10]. However, in their studies fouling occurred in a combination of several 
fouling types. Direct correlations between feed water source, nutrients, and fouling 
deposits were not given. 
The obtained results of this study indicated that the dosed substrate was rapidly 
consumed to a large extent (by deposited microorganisms) in the first test cell during 
the early stage of the experiment (<2 days, Figure 22). Initial adhesion, production of 
EPS and subsequent secondary adhesion can induce biofilm formation within several 
hours [89, 166]. Each test cell of 0.91 m length contained a large surface area for 
bacterial deposition (membrane, porous spacer and possibly also the PMMA top lid). 
Early during the experimental period, carbon nutrients were completely consumed in 
the first test cell of the membrane installation. Therefore, only little or even no substrate 
remained for growth of biofilm in subsequent test cells. This suggests that biofilm 
accumulation in test cells 2, 3 and 4 was limited by substrate availability. Thus, it was 
assumed, that the gradient of formed biofilm over test cell length was directly 
connected to the availability of easily biodegradable substrate. 
The study emphasizes the importance of substrate availability for biofouling control 
strategies, as indicated in literature, e.g. [11, 40]. Nutrient load is the key parameter 
for biofilm formation [167]. Reducing the substrate concentration, for example with 
proper pre-treatment prior to the RO, can effectively reduce/delay/restrict the formation 
of biofouling [86, 88].  
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4.3.2 Spatial-resolved direct and indirect impact of biofouling on performance 
parameters 
Most biofilm accumulated in the lead parts of the membrane installation. This affected 
membrane performance over the total length: 
1. Feed channel pressure drop: Biofilm deposits on the spacer filaments led to 
increased hydraulic resistance to the feed flow [168]. This was directly measureable 
as FCP increase, occurring most severely in the lead sections of the test cells set 
in series (Figure 23). As a result, the pressure was reduced, lowering the driving 
force for water production in the test cells with increasing distance to the feed side 
(Figure 24).  
 
2. Permeability (and flux): Biofilm, which was formed in the lead parts on the 
membrane surface, directly reduced the permeability (and flux) in these parts 
(Figure 25, Figure 26) due to increased vertical hydraulic resistance (and possibly 
BEOP) [38, 83]. However, in the tail parts, only minor amounts of biofilm 
accumulated (Figure 21), but strongly reduced permeability (and flux) was found 
(Figure 26). Due to the severe FCP in the channel lead parts, the driving forces 
reduced over length and thus less permeate was produced in the tail section as an 
indirect impact (Figure 23, Figure 24). Gutman et al. described similar effects [168]. 
The problem of “under-utilization” of downstream modules in full-scale treatment 
plants was already described by others [25]: Permeate production declines towards 
the tail parts of pressure vessels due to the FCP of clean spacers, even though a 
large membrane area is present. When biofouling forms in lead modules (in the 
same way as shown in this study), the “under-utilization” of the tail membrane 
elements of a pressure vessel becomes even more significant. Consequently, less 
produced permeate results in increased energy costs for water production [169]. 
 
3. Salt rejection: Although salt rejection was firstly effected in the lead parts of the 
4-test-cell installation, the highest salt rejection decline was found in the tail parts 
at the end of the 6-day experiment (Figure 27). Extensive accumulated biofilm in 
the lead cell resulted in a reduction of permeate production in the tail elements 
(Figure 25 and 26). This further caused a reduction of the salt concentration in the 
concentrate (data not shown) and an increase in crossflow velocity especially in the 
tail parts, in comparison to the starting time. Yet, the salt rejection was reduced 
strongest at the tail elements. Assumingly, this must have mainly resulted from an 
increased impact of flux decline [38], as an indirect effect due to biofouling in the 
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lead element. Interestingly, the impact of this indirect effect of biofouling (forming 
in the lead element) on salt rejection in the tail element is stronger than in the lead 
element resulting from the actual biofouling. Especially in industrial applications, 
high quality permeate production is required. Therefore, reasons for deterioration 
of permeate quality have to be identified. 
This study was performed under constant feed pressure conditions and the described 
effects are thus most relevant for treatment plants that are operated in the same mode. 
However, when biofilm accumulates in lead elements at spacer filaments rather than 
on membrane surfaces, driving force reductions over membrane length are to be 
expected – also in treatment plants operated under constant flux.  
The results of this study indicate the importance of biofouling control as well as of 
applying adapted membrane materials according to their positions in a pressure 
vessel. Additionally, correlating performance decline with fouling deposits over length 
of membrane installations yields data for further insights on biofouling [55]. The need 
for more insights on the quantitative relationship between biomass and resulting 
performance decline was stated earlier [82].     
4.3.3 FCP measurements for biofouling monitoring 
In the presented biofouling study, the rate of biofilm accumulation was enhanced by 
dosage of a biodegradable nutrient to the test systems’ feed water. All performance 
parameters (FCP, permeability, and salt rejection) were affected by that (Figure 20).  
In order to minimize the negative effects of biofouling on water production, early 
detection and control is necessary [44]. The need of biofouling monitoring was 
acknowledged earlier [82, 89]. In literature, various techniques for biofouling monitoring 
and characterization were described. For industrial water production, online, in-situ, 
non-destructive, real-time, representative, accurate and reproducible biofouling 
monitoring is desired [170]. “Silent alarm systems” [171], differential turbidity 
measurements [89] and biosensors [82], are applicable online. However, most 
available techniques are either microscopic or spectroscopic techniques, requiring 
destructive sampling of the membrane [89].  
The suitability of FCP measurements as suitable online, non-destructive, real-time 
biofouling monitoring tool was mentioned earlier [172]. In the present study, FCP was 
impacted most severely and earliest (Table 13), indicating its sensitive and accurate 
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measurement. However, in the present study the contribution of particles to the FCP 
increase was negligible, since particles were removed prior to the experiment. In 
practice, RO and NF membrane systems pre-treatment is applied to e.g. extensively 
remove particulate matter (e.g. ultrafiltration) and chemicals are dosed to avoid scaling. 
Biofouling is presently the dominant problem in RO and NF membrane systems.  
Lowest effected performance parameter of the study was salt rejection (Table 13). 
During RO filtration, salt rejection is mainly impacted by feed water salt concentration, 
CP formation, permeate flux and fouling formation. For the present study, salt rejection 
did not give distinct insights on biofilm formation at certain locations.  
Early stage biofouling monitoring techniques are needed to avoid irreversible fouling 
and to apply cleaning cycles that are able to restore the membrane capacity [44, 173]. 
The feed channel pressure drop is the best approach to monitor biofouling. Biofouling 
in the lead membrane module affects the performance of downstream membrane 
elements. 
4.3.4 Spacer-based biofouling occurred with low substrate concentrations as 
appearing in drinking water treatment 
With low acetate dosage (0.1 mg C L-1) a severe FCP increase was observed, whereas 
permeability and salt rejection did not deteriorate (Figure 28). This led to the conclusion 
that biofouling, forming firstly on the feed spacer, was a spacer-based problem. Other 
researchers indicated changes of flow directions and clogged spacer squares due to 
biofouling as additional resistance to the flow, leading to FCP increase [174, 175]. Initial 
depositing of biofilm at the connection points of spacer filaments was also reported in 
a study by Baker et al. [176] and others [177, 178]. Radu et al. suggested, that 
production of permeate creates only minor convective forces to transport particles, or 
bacterial cells, to the membrane surface [47]. However, in another recent biofouling 
study, the obtained FCP increase was linked to increased bio-volume on the 
membrane surface [15].  
Yet, since in the present study no permeability decline was observed during the 
12 days of operation, it is concluded that the formed biofilm must have mainly 
accumulated on the surface of the feed spacer. It is thus suggested that due to 
hydrodynamic forces, turbulences and stagnation zones, more substrate, as well as 
bacteria, were transported to the large spacer surface and attached there. The 
transport of substrate to and the growth of biofilm at the membrane surface was 
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considerably less. In the present study, the low concentration of nutrients 
(0.1 mg C L-1, as it is appears in drinking water membrane systems) was decisive for 
the intensity of developed biofilm on membrane and spacer surface and thus the 
impact on performance parameters.  
4.4 Conclusions 
The results of the biofouling studies with membrane test cells operated (i) with sheets 
of membrane and spacer, (ii) with permeate production, (iii) in one and 4 test cells in 
series, presented in this paper led to the following conclusions. 
1. Most biofilm accumulated at the inlet side of the lead membrane test cell. With 
increasing distance to the lead module feed side, a decline in biomass amount 
was found. The findings were in agreement with a decline in biodegradable 
nutrient concentration of the feed water over test cell length. A study with low 
nutrient dosage resulted in feed spacer biofouling with severe feed channel 
pressure drop. 
 
2. Biofilm accumulation at the inlet side of the lead membrane test cell affected all 
membrane performance parameters: feed channel pressure drop, permeability 
(flux) and salt rejection. The feed channel pressure drop was earliest and most 
severely impacted. Compared to the feed channel pressure drop increase, the 
decline in permeability and salt rejection caused by biofouling were moderate 
and occurred at a later moment. In terms of location of performance decline, the 
feed channel pressure drop increase over the lead test cell affected negatively 
the performance of the downstream test cells: The tail test cells showed a 
moderate decline for the permeability (flux) and salt rejection, emphasizing the 
use of spatially adapted membrane and spacer materials for practice. 
 
3. Reducing the concentration of biodegradable nutrients in the feed to the 
membrane installation would be a suitable strategy to restrict biofouling. 
 
4. The feed channel pressure drop is a suitable biofouling monitoring parameter, 
enabling early detection. On the contrary, salt rejection was not a suitable 
control parameter. It was only moderately impacted by biofouling development, 
but influenced by several process parameters. 
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5 Biofiltration as a pre-treatment for RO desalination: 
Characterization and impact on RO membrane performance  
5.1 Materials and methods 
5.1.1 Biofiltration investigations 
5.1.1.1 Set-up 
The experiments for determining the removability of foulants in biofiltration systems 
were conducted with a lab biofilter of a total bed height of 120 cm. To allow sampling 
at different sampling points, the biofiltration system consisted of 6 glass columns in 
series, with a diameter of 2.8 cm and 40 cm length each. The filter bed of each column 
was 20 cm in height and consisted of expanded clay. The expanded clay (Filtralite® 
NC grain size 1.5…2.0 mm, inner porosity of the grains: 73%) was provided by Weber 
Saint Gobain, Norway. The filters were operated in down flow mode. The set-up is 
shown in Figure 29. 
 
Figure 29:  Scheme of the biofilter set-up, S0-S6 refer to sample points 0-6. 
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After a conditioning period of 2 months, the filter columns were continuously fed with 
raw secondary effluents over a period of 6 months (Jun-Dec 2014). The raw secondary 
effluents were taken from a local wastewater treatment plant, from the secondary 
clarifier (after biological treatment). Before usage, the effluents were prefiltered to 
remove large particles (20-µm-cartridge filter, Pall GmbH, Germany) and aerated in 
the reservoir. The initial concentration of DOC of the raw secondary effluent was 
8.14 ± 0.74 mg L-1, as shown in Table 14 with other inflow parameters, measured at 
sampling point S0. The temperature during the experiments was 20°C ± 1.5 K. 
Table 14 Secondary effluent parameters as feed to biofilter. 
Parameters unit 
Secondary effluents  
(Jun – Dec 2014)  
Measurements 
n 
Conductivity  µS cm-1 1198 ± 204 11 
pH - 7.6 ± 0.4 13 
DOC mg L-1 8.14 ± 0.74 11 
Biopolymers mg L-1 0.54 ± 0.14 11 
Intact cells 106 events mL-1 2.03 ± 0.18 5 
 
Backwashing was performed every 2 weeks (after sampling). During backwash, the 
filter bed was fluidized while plug-like lifting of the granular media was avoided. 
Backwash was done for 4 minutes (1st column), 3 minutes (2nd column), 2 minutes 
(3rd and 4th column), and 1 minute (5th and 6th column). 
5.1.1.2 Biofiltration performance and sampling 
Feed and filtrate samples were taken regularly from the 7 sampling points (S0-S6, 
Figure 29). Superficial velocity during the experiments was 0.8 m h-1, (resulting in an 
EBCT of 90 min), 0.4 m h-1 (EBCT of 180 min), and 1.6 m h-1 (EBCT of 45 min).  
Feed and filtrate samples from the biofilter were analyzed for DOC, biopolymers, pH, 
conductivity, oxygen concentration, particles, total bacterial cell count (TCC) and intact 
cells. Details on analytical methods are given in chapter 5.1.4. 
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5.1.2 Membrane fouling studies with and without biofiltration as pre-treatment 
5.1.2.1 Set-up of RO pilot plant and test cells 
The effect of biofiltration on fouling reduction and RO membrane performance was 
investigated with 4 test cells in series, each of 0.91 m length, representing a pressure 
vessel with 4 SWM’s. The configuration and set-up of the RO pilot plant is shown in 
Figure 30. The set-up with devices and online measurement is described in detail in 
chapter 3.1.3.  
 
Figure 30  RO pilot plant for the fouling studies. 
The test cells were validated with respect to the hydraulic behavior of spiral wound 
modules prior to the experiments. A detailed description of the test cells and the 
validation is given in chapter 3.1.1 and 3.2.1. The test cells were equipped with feed 
and permeate spacers, supplied by Hydranautics, USA. The used polyamide 
membranes ESPA2 were supplied from Hydranautics, USA. Characteristics of the 
membrane are given in Table 11, chapter 4.1.1.1. 
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5.1.2.2 RO configuration with and without biofiltration as pre-treatment 
In order to determine the effect of biofiltration on fouling mitigation in RO membrane 
systems, experiments with 2 set-ups A and B were conducted. Figure 31 shows the 
corresponding scheme.  
 
Figure 31 Scheme of the experiments. (A) Direct RO desalination of raw secondary 
effluents without biofiltration; (B) RO desalination of biofiltered secondary 
effluents. 
For both experiments A and B, the same batch of secondary effluents as initial feed 
was used. In experiment A (Figure 31A), the RO system was directly operated with 
raw secondary effluents without biofiltration as pre-treatment. In experiment B 
(Figure 31B), the RO system was operated with pre-treated, biofiltered secondary 
effluents. Here, the filtrate of the biofilter was recollected and fed in circular flow to the 
biofilter until substrate removal capacity was reached. The biofilter filtrate was then 
collected in jars and stored at 4°C in darkness until used as feed to the RO (2 days). 
New feed and permeate spacers, as well as membranes, were used for each RO 
experiment. Before each RO experiment, membrane and spacer were flushed and 
compacted with DI water for 12 hours at the process pressure chosen for the 
experiment and stabilized with DI water enriched with the desired salt concentration 
for another 12 hours. During both experimental runs A and B, the RO system was 
operated in circular flow, by recollecting permeate and concentrate of the 4 cells in 
series to the feed reservoir. Both fouling experiments with and without biofiltration as 
pre-treatment were operated for 21 days. The feed water was renewed after 11 days 
of operation. The flux and permeate conductivity was measured manually via permeate 
collection over 20 minutes in duplicates. System pressure was adjusted and kept 
constant during operation to provide an initial flux of 24 L m-² h-1. Retentate flow rate, 
temperature, other operational modes, and membrane cell configuration were the 
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same for both experiments. All RO operation parameters are listed in Table 15. Feed 
and concentrate DOC and conductivity were controlled regularly. 
Table 15 Operation parameters of the RO system. 
RO operation and 
design parameters 
unit 
Secondary effluents 
without biofiltration 
prior to RO (A) 
Secondary effluents 
with biofiltration  
prior to RO (B) 
Membrane length m 4 x 0.91 4 x 0.91 
Spacer height 10-3 m 0.787 0.787 
Initial flux L m-² h-1 24 24 
Temperature °C 25 ± 0.7 25 ± 0.7 
Feed pressure bar 7.7 ± 0.1 7.6 ± 0.1 
Inflow velocity m s-1 0.16 0.16 
Operation mode -   constant pressure constant pressure 
 
5.1.3 Methods 
5.1.3.1 Biodegradability of DOC and biopolymers 
The biodegradable fraction of DOC and biopolymers in secondary effluents was 
determined in batch experiments over a period of 14 days. For incubation with 
microorganisms, a glass bottle of 1.2 L was filled with 100 mL unused, cleaned 
expanded clay and incubated with 1 L of secondary effluents for 3 weeks. After 
3 weeks, the incubated solution was decanted and the expanded clay was washed 
twice with 200 mL of the fresh sample solution. Then the bottles were filled with the 
sample (up to 1 L volume, temperature of 25°C). For determination of biodegradable 
DOC and biopolymers, the bottles were closed and stored in darkness on a rotational 
shaker (r=60 min-1) for 14 days at 25°C. Samples were taken at 0 hours, 1 hour, 
24 hours, 4 days, 7 days, and 14 days in duplicates. All samples were kept cool at 4°C 
until analyzed. 
Biodegradable organic carbon is the amount of organic carbon, which is degraded by 
suspended or sessile microbes to a support media. Thus, BDOC is the difference of 
initial DOCi in the sample-solution and the final DOCf at the end of the experiment.  
BDOC = DOCi – DOCf          (13) 
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The same relation is given for the fractions of the DOC, such as biopolymers. The 
biodegradable biopolymer (BBP) concentration is the difference between initial 
biopolymer concentration BPi and final biopolymer concentration BPf: 
BBP = BPi – BPf             (14) 
5.1.3.2 Adsorption batch experiments on expanded clay 
Adsorption kinetics of DOC and biopolymers to the granular filter media were studied 
with expanded clay, which had been obtained from the biofilter in batch experiments 
(batch 1). Additional experiments were conducted with unused expanded clay (batch 
2) and without adsorbent (check plot) for comparison. 11 intervals of 0-8 hours were 
selected for analysis. In order to keep volume and adsorbent relation constant, a 
separate borosilicate bottle was used for each interval. Prior to use, the bottles were 
cleaned with sodium hydroxide and autoclaved. For the experiment with new media, 
unused expanded clay was cleaned, autoclaved and air in the pores was removed by 
applying vacuum on the expanded clay in DI water. In order to avoid biodegradation, 
the filter media taken from the biofilter, as well as the secondary effluents, were 
pasteurized. For both filter media types and each bottle, 16 g of wet granular media 
were added to 250 mL of secondary effluent. The experiment started immediately 
when the filter media was added to the secondary effluents. The samples were shaken 
on a horizontal shaker. According to the intervals, samples from the supernatant were 
analyzed for DOC and biopolymer concentration. Further details on experimental 
characteristics are given in Table 16. 
Table 16   Experimental characteristics for adsorption batch experiments. 
 Adsorption    
Batch 1 
Adsorption    
Batch 2 
Check plot 
Adsorbent 
Expanded clay with 
biofilm from biofilter 
Purified, unused 
expanded clay 
Without adsorbent 
Adsorbent 
preparation 
Pasteurization 70°C, 
40 minutes 
Autoclaving 121°C,  
20 minutes 
- 
Solute preparation 
Secondary effluents: filtration 2.5 µm,  
pasteurization 70°C, 40 minutes 
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5.1.3.3 Determination of filtration efficiency in biofilters 
In order to investigate filtration mechanisms of colloidal biopolymers within the biofilter, 
the microorganisms were inactivated. For this, the feed water containing biopolymers 
(secondary effluents), the filter material with biofilm (expanded clay), as well as the 
biofilter set-up (pipes, valves, columns) were pasteurized. In a pre-study, the optimal 
pasteurization procedure (temperature and period) was determined. This data is 
attached to the supplementary material, appendix C, Figure C1. The pasteurization 
temperature was chosen to be 80°C and maintained for 60 minutes. Accordingly, the 
pasteurized bioreactor was run with pasteurized secondary effluents at a superficial 
velocity of 0.8 m h-1 and 0.4 m h-1. Samples of all sampling points were collected and 
analyzed for DOC and biopolymer concentration. Prior to the sampling, the filters were 
run for 10 h with the corresponding velocity to allow complete exchange of water from 
previous runs.  
5.1.3.4 Extraction of biofilm from activated clay grains filter columns 
Determination of biomass on the granular media was done using the method of Magic-
Knezev [179] with minor adaptions. Expanded clay grains were taken from the lower 
(16…20 cm) part of all filter columns and from the inlet zone (0…4 cm) of the first 
column. The filter grains were drained and wet weight was determined. 5 g of the wet 
media were transferred into centrifugal tubes. 50 mL Evian water (Danone Waters, 
Germany) was added and the tubes placed in ultrasonic cleaner (Model USC600TH, 
output: 45 kHz, 130 W, VWR Germany). Sonication was done 10 x 3 minutes. In 
between samples were carefully shaken to avoid abrasion. The supernatant was 
analyzed for intact cells, TCC, ATP, and TOC and values were converted to amount 
per volume filter bed using the wet bulk density of the filter grains (manufacturer data: 
1076 kg m-³). 
5.1.3.5 RO membrane foulant extraction and sample preparation 
After the fouling experiment, the fouling layer both from the membrane and from the 
feed spacers was extracted for 5 segments over length of each test cell. This was done 
in order to determine the specific amount of foulant per membrane surface area.  
The procedure for foulant extraction is given in detail in chapter 3.1.5.2. Additionally to 
DOC and ATP, also TOC, DOC fractions, and intact/ damaged cells were analyzed. 
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When analyzing TOC and DOC fractions ultrapure water was used as solvent, for ATP 
analysis and intact/damaged cell count, sterile tap water was used.  
5.1.4 Analytics 
5.1.4.1 Organic carbon analysis 
DOC and TOC concentration were determined with a thermal catalytic method 
(liquiTOC trace, Elementar Analysensysteme, Germany) in duplicates. For DOC 
measurement, the samples were filtered (0.4 µm, polycarbonate filter). 
DOC and its fractions (hydrophobic organic carbon, biopolymers, humic substances, 
building blocks, low molecular weight neutrals, low molecular weight acids) were 
determined with the LC-OCD method, used with the cat-ion exchange column TSK 
HW50S. The device and method are described in detail in chapter 3.1.5.2. 
With the same LC-OCD device and the additional exchange column TSK HW65S 
(Toso, Japan) biopolymers were analyzed. This column has bigger pores than the TSK 
HW50S column, allowing size estimation of biopolymers. With the additional column, 
the analytical software could not be used. Therefore, calibration of the system with 
polymer standards was necessary. Dextran standards between 105 Da and 2106 Da 
were used. Results and method details of the calibration is attached to the 
supplementary material, appendix C, Figure C2. 
5.1.4.2 Dissolved oxygen, conductivity and pH-measurements 
Dissolved oxygen, conductivity concentration, and pH-value were determined with a 
multi 340i and pH/ oxi 340i from WTW, Germany.  
5.1.4.3 Particle analysis 
Particle sizes were analyzed with the „Abakus® mobil fluid“ analyzer (Markus Klotz 
GmbH, Germany). Samples were continuously stirred and measured in triplets. Data 
was analyzed using the accompanied software Log and Show 3.2, Germany. 
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5.1.4.4 Analysis of microbial parameters 
Adenosine tri phosphate 
For bacterial activity, total ATP was measured. Details on analysis and sample 
preparation are given in chapter 3.1.5.2. 
Bacterial cell count 
Concentrations of suspended bacteria were determined as TCC, intact cells and 
damaged cells using flow cytometry (Accuri C6, BD Biosciences, Germany). The flow 
cytometer was equipped with a blue laser and a red laser, 2 scatter detectors, and 
4 fluorescence detectors. Laser excitation was at 488 nm and 640 nm, respectively. 
Prior to analysis, samples were diluted 1:100 with a staining buffer. Then, for 
determination of intact and damaged cells 300 µL of samples were stained with 3 µL 
of SYBR Green I (Life Technologies GmbH, Germany) solution and 3 µL of propidium 
iodide (PI, BD Biosciences, Germany) solution, respectively. For TCC determination, 
300 µL of sample was stained with 3 µL of SYBR Green I. After staining, the samples 
were incubated in darkness at 37°C for 15 minutes and then measured as duplicates 
with the flow cytometer. Composition and concentration of staining buffer, SYBR Green 
1, and PI solution are listed in Table 17. Data analysis was performed with the 
accompanied software CFlow Plus, BD Biosciences, USA. 
Table 17 Composition of used staining and buffer solutions. 
 Composition Dilution Manufacturers 
Staining 
buffer 
In H2O: 
0.198 g L-1 Na2HPO4 ∙12H2O 
0.16 g L-1 NaH2PO4 ∙1H2O 
8.1 g L-1 NaCl 
1 mmol Na2EDTA 
 
 
Sigma Aldrich 
Propidium 
iodide 
50 µg propidium iodide in  
1 mL dimethyl sulfoxide (DMSO) 
 
BD Biosience 
Sigma Aldrich 
SYBR 
Green 1 
10,000 x SYBR Green 1 in DMSO 
1:100 in 
DMSO 
Life Technologies 
GmbH, Sigma Aldrich 
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5.1.5 Overview of studies performed 
A series of studies was performed in order to determine the removal of organic foulants 
by biofiltration prior to RO membranes and their effect on RO membrane performance. 
An overview of these studies is given in Table 18.  
In Section 5.2.1, the impact of biofiltration on filtrate quality was investigated. In section 
5.2.2, removal mechanisms in biofilters were analyzed and the studies of section 5.2.3 
demonstrate the impact of biofiltration as pre-treatment on the performance of RO 
membranes. 
Table 18  Overview of studies performed (I to VII indicate independent 
experiments). 
Goal of 
investigation 
 
Study/ methods Feed source Section 
Impact of 
biofiltration on 
filtrate quality 
I Biofiltration performance  Secondary effluents 5.2.1.1 
II 
Substrate removal with 
different velocities 
Secondary effluents 5.2.1.2 
Removal 
mechanisms of 
organic foulants 
in biofilters 
III 
Biodegradability of 
organics 
Secondary effluents 5.2.2.1 
VI 
Adsorption batch 
experiments 
Secondary effluents, 
pasteurized 
5.2.2.2 
V 
Biopolymer size 
determination – size 
exclusion chromatography 
Secondary effluents 5.2.2.3 
VI Filtration 
Secondary effluents, 
pasteurized 
5.2.2.3 
Effect of 
biofiltration on 
RO membrane 
performance 
VII 
RO foulant layer analysis: 
organic and microbial 
parameters 
Raw secondary and 
biofiltered secondary 
effluents as feed to RO 
5.2.3.1 
VII 
RO membrane 
performance parameters 
Raw secondary and 
biofiltered secondary 
effluents as feed to RO 
5.2.3.2 
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5.2 Results 
5.2.1 Impact of biofiltration on filtrate quality 
5.2.1.1 Removal of foulants: organic compounds, microbial cells and particles 
The impact of biofiltration on filtrate quality was investigated over the filter bed depth 
at 0.8 m h-1. In Figure 32, the removal of organics (DOC and biopolymers), intact cells, 
as well as small particles (1.2 mm to 2 mm) is shown over the filter bed depth. 
Concentration of small particles was reduced by more than 82 ± 1%, whereas most 
particles were retained in the first 40 cm of the filter bed and no significant reduction 
occurred over the remaining bed depth. 74 ± 12% of biopolymers (>20.000 Da [136]) 
and 52 ± 3% of intact bacterial cells were removed during 90 minutes of EBCT. Lowest 
removal of 18 ± 5% was found for the dissolved organic carbon. The removal of other 
DOC fractions according to the classification of Huber [136] are given as 
supplementary information, see appendix C, Table C1.  
 
Figure 32: Removal of small particles, intact cells, DOC, and biopolymers over filter 
bed depth at 0.8 m h-1 filter velocity. Error bars indicate confidence 
intervals (n=3 (particles, intact cells), n=9 (DOC, biopolymers), α=0.33). 
The biofilm on the expanded clay grains was analyzed for number of intact cells, TCC, 
ATP, and TOC, as shown in Figure 33. On average, the biofilm contained 370 times 
more active biomass (ATP, 3.910-5 mg mL-1) compared to the same volume of bulk 
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(bulk ATP data given in appendix C, Figure C3). The sessile biomass provides a 
platform for the biodegradation of biodegradable organic matter [88, 179]. The amount 
of organic and microbial parameters of the biofilm decreased over the depth of the 
biofilter. Similar results were obtained by others, e.g. [125]. 
 
Figure 33: Microbial and organic parameters of the biofilm per cm³ support media. 
Error bars indicate confidence interval (TCC, intact cells; n=3, α=0.33) and 
method standard deviation (TOC, ATP).  
Over filter bed depth, 3.3 mg L-1 dissolved oxygen were consumed (Figure 34).  
 
Figure 34: Measured oxygen uptake and theoretically determined oxygen uptake if all 
removed DOC was oxidized. Error bars indicate confidence intervals (n=3, 
α=0.33). 
Additionally, the theoretically needed oxygen (COD, chemical oxygen demand) was 
determined for all DOC that was removed by the filter, assuming complete DOC 
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oxidation. A common relationship of COD/DOC for municipal wastewater was 
used [180]. For the secondary effluents used in this study, the factor was obtained as 
f = COD/DOC = 2.74 (data not shown here). A similar factor of f = 2.8 for secondary 
effluents was determined by other researchers [181]. According to the given COD/DOC 
ratio, 4.1 mg L-1 oxygen would have been consumed. As shown in Figure 34, after the 
first 20 cm of filter, the measured oxygen uptake was always lower than the calculated 
uptake for complete oxidation of removed DOC. 
5.2.1.2 Impact of biofilter velocity on organics removal 
The impact of the biofilter velocity on the removability of organics was studied under 3 
different velocities. For both DOC and biopolymer removal, the graphs of the superficial 
velocities 0.8 m h-1 and 1.6 m h-1 are overlapping/ show insignificant differences 
(Figure 35A and 35B).  
 
Figure 35: DOC (A) and biopolymer (B) removal over EBCT for different filter 
velocities. Error bars indicate confidence intervals: n=3 (1.6 and 0.4 m h-1), 
n=9 (0.8 m h-1), α=0.33. 
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The removal efficiency at a certain EBCT (obtained at the certain sample points of the 
filter, S0-S6, according to the applied velocities) was independent of these 2 velocities. 
In fact, the EBCT determined the removal efficiency. However, for the low velocity of 
0.4 m h-1 a different removal behavior was found. Here, less organics were removed 
at the same EBCT. 
5.2.2 Removal mechanisms of organic foulants in biofilters 
5.2.2.1 Biodegradability of organic foulants: DOC and biopolymers 
In a 2-week batch experiment, the biodegradability of DOC and biopolymers as major 
foulants was investigated for raw secondary effluents. On average, 44 ± 3% of DOC 
and 99 ± 0.5% of biopolymers were removed from the secondary effluents (Figure 36) 
and were defined as biodegradable. Biodegradability of biopolymers and DOC was 
also delineated elsewhere [74, 88, 124, 129], approving the presented data. The 
biodegradability of other DOC fractions is given as supplementary material in 
appendix C, Table C1.  
 
Figure 36: Batch biodegradation experiment of DOC and biopolymers from 
secondary effluents. Error bars indicate method standard deviation. 
5.2.2.2 Adsorption of DOC and biopolymers onto expanded clay 
In order to investigate possible adsorption of DOC and biopolymers onto biofilter 
support material, 2 batch studies with virgin and inactivated biofilm-covered expanded 
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clay were performed. The results of DOC and biopolymer concentration over a period 
of 8 hours are shown in Figure 37.  
 
Figure 37: DOC- and biopolymer concentration in bulk during batch adsorption 
experiments, measured with LC-OCD. Error bars indicate method 
standard deviation. 
Despite minor fluctuations of the DOC concentration, no significant change in 
concentration over time was observed for both biopolymers and DOC, as well as for 
both filter materials. The curve of the support material covered with inactive biofilm 
shows slightly lower concentrations for both DOC and biopolymer concentration 
compared to the batch test performed with virgin clay. The data is in the range of the 
concentration of the check plot performed with no adsorbent. No adsorption of DOC 
and biopolymers was observed. The absorbability of other DOC fractions is given as 
supplementary material, appendix C, Table C1. 
5.2.2.3 Impact of filtration on the removal of DOC and biopolymers 
Biopolymers can be of colloidal size and colloids can be retained in granular media 
filters by filtration [135, 136, 143]. In order to investigate, whether this mechanism has 
an impact on the biopolymer removal or not, the size of biopolymers of the used 
secondary effluents was estimated using the LC-OCD method. Filtration as possible 
retention mechanism was investigated experimentally.  
The chromatogram of the used secondary effluents is presented in Figure 38, (organic 
carbon detection (OCD)). The biopolymers of the used secondary effluents eluted as 
the first group of organic compounds (first peak) at 65 min retention time [136]. Their 
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retention time was between the retention of blue dextran (2106 Da, 64 min) and 
Dextran of 2106 Da (78 min). From this, the size of biopolymers can be estimated as 
~2106 Da.  
 
Figure 38 Size determination of secondary effluent compounds with size exclusion 
chromatography (LC-OCD method). OCD signal refers to 
chromatographable organic carbon.  
Filtration mechanisms were investigated by filtering pasteurized secondary effluents 
over inactivated (pasteurized) biofiltration columns. Both biopolymers and DOC were 
not retained in the biofilter columns when the biofilm was inactivated (Figure 39).  
 
Figure 39: DOC- and biopolymer concentration during filtration over inactivated 
biofilter columns at 0.8 m h-1 and 0.4 m h-1. Error bars indicate method 
standard deviation.  
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Their concentration remained stable over EBCT for 2 tested filter velocities. The slight 
increase of the biopolymer concentration found for 0.8 m h-1 at 90 minutes EBCT 
possible resulted from biofilm lysis or detachment. Pasteurization of the filter columns 
might have caused destabilization of the biofilm. For comparison, removal during 
biofiltration with active biomass showed biopolymer removal of 74% and DOC removal 
of 18% at 0.8 m h-1 (Figure 32). Filterability of further DOC fractions is given as 
supplementary material, appendix C, Table C1. 
5.2.3 Effect of biofiltration as pre-treatment on RO membrane performance 
5.2.3.1 Feed water characteristics 
The RO experiments were performed with the same batch of secondary effluents. 
However, in experiment A, raw secondary effluents were used, whereas in 
experiment B the raw secondary effluents were treated with a biofilter prior to the RO. 
The feed water characteristics of the secondary effluents with and without biofiltration 
as pre-treatment are summarized in Table 19. Due to biodegradation, the DOC was 
reduced by 20% in the experiment with biofiltration as pre-treatment. Especially high 
molecular compounds (biopolymers), as well as low molecular weight (LMW) acids 
were removed during biofiltration. 
Table 19 Feed characteristics of the RO system, Apr-Jun 2015. 
Feed water 
characteristics unit 
Raw secondary 
effluents (without 
biofiltration  
prior to RO) (A) 
Biofiltered 
secondary effluents 
(with biofiltration  
prior to RO) (B) 
Conductivity µS cm-1 1410 1520 
DOC µg L-1 7514 ± 225 6036 ± 242 
Hydrophobic 
organic carbon 
µg L-1 248 ± 179 687 ± 170 
Biopolymers µg L-1 372 ± 55 70 ± 14 
Humic substances µg L-1 3370 ± 73 3100 ± 62 
Building blocks µg L-1 1514 ± 79 1061 ± 54 
LMW neutrals µg L-1 1796 ± 123 1119 ± 71 
LMW acids µg L-1 394 ± 5 n.q. 
ATP 10-7 mg mL-1 15.1 ± 6.1 1.4 ± 0.04 
Intact cells 106 events mL-1 3.0 ± 0.05 1.5 ± 1.3 
n.q. not quantifiable 
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On the contrary, the concentration of hydrophobic DOC increased after biofiltration 
(Table 19, (B)). The biofilter also reduced the feed concentration of microbiological 
load: 50% less intact cells as well as 1 log unit less ATP were fed to the RO when 
biofiltration was used as pre-treatment. 
5.2.3.2 Fouling layer composition 
When the RO experiments were completed, the fouling layers were analyzed for TOC, 
intact and damaged cells, as well as ATP, DOC and DOC fractions. The results as 
average values and the values over the length of the 4 test cells are given in Figure 40.  
 
Figure 40: Foulant composition per cm² over RO membrane length of raw and 
biofiltered secondary effluents: (A) Amount of deposited TOC; (B) Intact 
and damaged cells; (C) ATP; (D) DOC fractions (average over membrane 
length). Error bars indicate standard deviation (n=3 for TOC, TCC and n=4 
for DOC fractions) and method standard deviation for ATP). 
TOC of 33.0±0.8 µg cm-² deposited on the membrane surface (Figure 40A) when raw 
secondary effluents were used, whereas one third less organic deposits 
(21.1±6.5 µg cm-²) were found during the experiment with pre-treated secondary 
effluents. In terms of active biological parameters, 80% less intact cells 
(0.5±0.2 107 cm-2, Figure 40B) and 65% less ATP (4.0±2.4 103 pg cm-2, Figure 40C) 
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accumulated in the feed channel during the experiment with pre-treated secondary 
effluents, compared to the one with raw secondary effluents. Thus, both organic fouling 
as well as biofouling reduced when biofiltration was applied as pre-treatment. The 
supplementary material contains data on performed fluorescence microscopy of the 
foulant layers separately for membrane and spacer (Figure C4 and Figure C5). The 
data supports the obtained results for ATP concentration and cell count of the fouling 
layer.  
Over the membrane length, ATP concentration of the deposited foulants reduced, 
indicating a biofouling reduction over length. The significantly higher ATP (and TOC) 
concentration at 2 m membrane length when treating raw secondary effluents possibly 
derived from hydrodynamic conditions. These values were found for the foulants 
accumulating at the test cell’s inlet section. 
Figure 40D shows the composition of the foulant layer in terms of DOC fractions. The 
fouling layers differ completely in their composition. Whereas the fouling layer, which 
built up during the experiment without pre-treatment mostly consisted of large 
molecules, such as biopolymers (63%) and humic substances (23%), the fouling layer 
with pre-treatment consisted mostly of small molecular weight compounds (45% LMW 
neutrals and 20% building blocks). Here almost no biopolymers were present. This 
shows that the biological pre-treatment completely changed the structure of the foulant 
deposit composition.  
5.2.3.3 RO membrane performance 
During the experiments with and without biofiltration as pre-treatment, the RO 
membrane performance was studied (Figure 41). The permeability decreased 39% 
without biofiltration pre-treatment and 32% with biofiltration pre-treatment. The rapid 
decline of nearly 20% within the first 3 days for both curves can be addressed to 
organic fouling deposition of the membrane. Afterwards, a steady decline of the 
permeability is shown (Figure 41A).  
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Figure 41: RO performance parameters over time with raw and biofiltered secondary 
effluents: (A) Normalized permeability; (B) Feed channel pressure drop; 
(C) Salt rejection. Error bars indicate standard deviation (n=4, 
permeability) and method standard deviation (salt rejection). 
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A severe FCP increase was found for the raw secondary effluents filtered over the RO; 
here driving force reduction of 0.78 bar occurred (Figure 41B). However, the biofiltered 
water showed an improvement of 13% less FCP increase (0.68 bar). Particulate 
matter, biofilms, and colloids depositing in the netlike feed spacer lead to this FCP 
increase.  
After an initial increase in salt rejection, on average 96.0% (biofiltered secondary 
effluents), and 95.8% (raw secondary effluents) salt rejection was achieved 
(Figure 41C). Over the entire experimental duration, these values did not differ 
significantly (difference of 0.6% for raw secondary effluents and 0.5% for biofiltered 
secondary effluents). 
Details on the membrane performance over length of the 4 test cells in series can be 
found in the supplementary material for all performance parameters (appendix C, 
Figure C6). 
5.3 Discussion 
5.3.1 General effect of biofiltration on the quality of secondary effluents and 
suggested removal mechanisms 
Biofiltration improved the filtrate quality significantly, reducing the concentration of 
biodegradable biopolymers and other DOC fractions, as well as active biomass in the 
secondary effluents (Figure 32). These substances are critical for subsequent 
membrane processes due to their negative impact on membrane performance [9, 128, 
129, 133]. It was shown previously, that biofiltration is able to decrease the microbial 
growth and proliferation potential of the water, improving subsequent membrane 
performance [88, 124]. The results of this study indicate the applicability of biofiltration 
as efficient pre-treatment step to reduce organic load, and thus organic fouling and 
biofouling of the RO membrane. 
Active biofilm was found on the biofilter support material in a high concentration 
(Figure 33). On average, the analyzed values of bacterial cells and ATP per cm³ of the 
biofilm are in the same order of magnitude as data from comparable studies, e.g. [179, 
182]. The decreasing trend of intact cells, TCC, ATP as well as TOC in the biofilm over 
the depth of the biofilter correlates with the decrease of DOC, biopolymer and active 
biomass concentration in the bulk over filter bed depth (Figure 32). Less organic 
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material was assimilated and used for biofilm growth. Other researchers found similar 
trends [88, 183].  
Over filter bed depth, oxygen was consumed (Figure 34). A strong connection between 
oxygen consumption and organic carbon removal as evidence for bacterial activity was 
indicated by Hoang et al. [184]. It is suggested, that microorganisms used oxygen for 
oxidation processes. However, less oxygen was consumed than would have been 
needed for complete oxidation of the removed (and thus biodegraded) DOC. Possibly, 
part of the degraded DOC was not completely oxidized to CO2, but assimilated by the 
microorganisms for biomass production, as it was indicated in literature [122].  
The removal efficiency during biofiltration was independent on the velocities of 0.8 and 
1.6 m h-1, but dependent on EBCT (Figure 35). The same relationship in biofilters was 
pointed out by Servais et al. [185] and others [124, 186]. Servais et al. reported this 
relationship to be valid for a proper range of velocities [185]. In this study, the lowest 
velocity (0.4 m h-1) showed significantly less DOC removal, compared to the same 
EBCT time and the higher velocities. Possibly, the hydrodynamic boundary layer for 
this low filter velocity was bigger resulting in lower transport of nutrients to the 
microorganisms in the biofilm. Thus, for industrial applications a filter velocity below 
0.8 m h-1 is not recommended. 
The size of biopolymers was estimated as colloidal (~2 x 106 Da, Figure 38). The 
obtained size was in accordance with the values reported by Flemming and 
Wingender [75], who stated EPS-biopolymers to be of a size of 0.5-2 x 106 Da. Though 
the biopolymers were of large size and could therefore be removed by filtration, 
filtration mechanisms did not contribute to the removal (Figure 39). Similar results were 
obtained for the removal of DOC. Contribution of adsorption onto the removal of 
biopolymers and DOC was also excluded (Figure 37). The batch biodegradability test 
revealed, that 44% of the DOC was actually biodegradable (Figure 36). In the biofilter, 
the removability of biopolymers was in a significantly higher range of 99%.   
Since neither adsorption nor filtration mechanisms affected the removal of DOC and 
biopolymers, biodegradation is suggested as the main removal mechanism during 
biofiltration. The occurrence of a highly active biofilm on the filter media confirmed 
these assumptions. During the biodegradability study, the biopolymer concentration of 
the feed declined rapidly, indicating that biopolymers were quite fast and eventually 
easily biodegradable. Hence, the presence of many enzymes and a stable culture of 
microorganisms is suggested, enabling the biodegradation of large biopolymers [74].  
- 108 - 
The relevance of biopolymers on fouling formation of subsequent membrane 
processes is therefore underlined. Biopolymers adhere on the membrane, forming a 
fouling layer and serve as easily biodegradable nutrient for attached bacteria. 
Biopolymers also contribute to the formation of the conditioning layer [61]. In a recent 
study, especially the higher content of biopolymers was related to the increased 
attachment of microbes during early stages of RO membrane filtration [187]. A 
significant reduction of biopolymers is thus of great relevance.  
5.3.2 Impact of biofiltration as pre-treatment to RO membrane filtration 
When biofiltration was applied as a pre-treatment for RO desalination, the fouling layer 
on the membrane contained significantly less TOC, less intact cells and less ATP 
(Figure 40). Clearly, both organic and biofouling was reduced on the RO, when 
biofiltration pre-treatment was performed. The reduction of TOC and active 
microorganisms in membrane biofilms due to biofiltration pre-treatment was also 
reported by Mosqueda-Jimenez & Huck [134]. They discovered 33-50% less TOC, as 
well as 0.7 log units less CFU in the biofilm, which is a slightly better removal compared 
to the presented study. Griebe & Flemming’s study on biofiltration and subsequent RO 
filtration of surface water revealed 85% reduction of TOC and 1 log unit reduction of 
bacterial cells [88]. Their data was in the same range as the data of the present study. 
A decrease of the ATP concentration over membrane length, as obtained (Figure 40D), 
indicated a biofouling reduction over length. Similar findings were reported 
elsewhere [55]. 
In the present study, an improvement in RO permeability performance of 7% due to 
biofiltration as pre-treatment was found (Figure 41). Even though the amount of organic 
foulants and microbial substances decreased significantly when biofiltration was 
applied, the impact on the membrane performance was not as distinct. Mosqueda-
Jimenez & Huck investigated the impact of biofiltration on NF fouling formation [134]. 
In their study, they found on average 33-50% less TOC, as well as 0.7 log units less 
CFU on the membrane. This resulted in a permeability increase of one third. In another 
study with similar experimental set-up, the permeability performance with biofiltration 
was improved about 10-30% [188]. Hu et al., who also used secondary effluents as 
feed, observed even a 5 time extension of the RO filtration period with biofiltration as 
pre-treatment until break-up criteria was reached, compared to no pre-treatment [129]. 
Performance improvement was reported both for FCP and permeability decline in their 
study.  
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A possibility for the relatively small impact of biofiltration on the RO membrane 
permeability performance is adsorption of small non-biodegradable organic fractions 
to the membrane. The adsorbed molecules caused the biggest decrease in permeate 
flux at the beginning of the experiment (see fouling during the first 3 days of the 
desalination experiments with and without biofiltration, Figure 41A). This fouling stage, 
which is likely due to organic fouling, obscures the impact of reduced biological fouling 
during the rest of the RO run. Previous studies showed that this type of fouling could 
be a result of small organic fraction in the feed wastewater effluents, altering the 
hydration properties of the RO polyamide active layer [61, 189, 190]. 
The results presented here indicate that the organic fouling layer composition differed 
between the 2 experiments. As described, the fouling layer without biofiltration was 
mainly composed of biopolymers and humic substances. It was reported in literature, 
that both groups have a high fouling potential [97, 191]. However, it was also shown in 
this study that the biopolymers in the secondary effluents, used as feed water to the 
RO system, were of colloidal size (2x106 Da). This indicates a possibly more 
voluminous structure of the organic fouling layer. On the contrary, the fouling layer 
obtained with biofiltered secondary effluents was mostly composed of low molecular 
weight neutrals and building blocks, confirming the previously stated assumptions. 
In terms of feed channel pressure drop, 13% performance improvement was found 
when biofiltration was applied. Even though the biofilter pre-treatment largely reduced 
the amount of bacteria (and particles), the performance improvement was rather small. 
Assumingly, within the feed reservoir an aggregation of organics and particles could 
have taken place. Due to the circulatory flow, a longer residence time in the feed 
reservoir was probably enabling aggregation of colloids, which were then retained in 
the net-like spacer material and caused additional pressure loss. 
Salt rejection increased significantly during the first 2 days, when a huge permeability 
decline occurred, possibly caused by adsorbed organics on the membrane (organic 
fouling). The adsorption of these organics might have hindered salt ions to pass 
through the membrane. 
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5.4 Conclusions 
In the present study, biofiltration successfully improved the filtrate quality of secondary 
effluents as a tertiary treatment step. It reduced the load of organics, particles, as well 
as microbial intact cells. These substances reportedly contribute to fouling on 
subsequent membrane processes. Biopolymers of secondary effluents, which are one 
crucial group of foulants, were identified to be completely biodegradable and of 
colloidal size. It was further proven, that both filtration and adsorption mechanisms did 
not contribute to retain biopolymers and DOC. Therefore, removal of organics, both 
DOC and biopolymers, was suggested to be a result of biodegradation. 
Biofiltration can be considered as a promising low-cost pre-treatment option prior to 
RO, reducing both biomass and organic load in the feed water. However, in our study, 
the improving effects of biofiltration on membrane performance of a subsequent RO 
unit were not as large as expected. It was shown that the fouling formation (biofilm and 
organic material) was reduced on the RO membrane, due to the biofiltration pre-
treatment. Yet, this caused only little improvement of the RO performance parameters 
(permeability and FCP). The foulant composition on the membrane was different with 
biofiltration as pre-treatment compared to no pre-treatment – most probably reason for 
the marginal improvements in membrane performance. Organic fouling was 
dominating, especially during the early stages of the experiment. This further indicates 
that the successful application of biofiltration as pre-treatment is highly depending on 
the feed water source and the foulant layer formation. Biofiltration is not recommended 
as stand-alone pre-treatment for the feed water composition as presented in this study 
(secondary effluents). We suggest that a combination of biofiltration with subsequent 
e.g. flocculation and UF filtration could be more beneficial. 
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6 Conclusions and outlook 
6.1 Conclusions of the thesis 
The investigations, performed within the frame of this dissertation, led to the following 
conclusions:  
Development and validation of a membrane test system with 1 m long test cells: 
 The developed Long Channel Membrane Test Cell enables the integrative study 
of fouling over the full length of industrial spiral wound modules and under 
industrial conditions. All performance parameters (feed channel pressure drop, 
permeability/flux, and salt passage/ salt rejection) can be measured, combined 
with in-situ direct imaging, and locally connected to accumulated foulant 
amounts and characteristics.  
 
 Each test cell is a representative, validated system of full-scale dimensions and 
hydraulics, as those in spiral wound modules. 
 
 Suitable feed spacers need to be used in fouling formation investigations with 
the same thickness as the feed channel height, ensuring accurate experimental 
measurements, especially of feed channel pressure drop. 
Impact of biofouling on membrane performance: 
 Biofouling impacted all membrane performance parameters in a full-length 
membrane installation.  
 
 Most biofilm accumulated at the inlet side of the lead membrane test cell. With 
increasing distance to the lead module feed side, a decline in biomass amount 
was found. The findings were in agreement with a decline in biodegradable 
nutrient concentration of the feed water over test cell length.  
 
 A study with low nutrient dosage resulted in feed spacer biofouling; feed channel 
pressure drop was effected severely, no permeability decline occurred.  
 
 Biofilm accumulation at the test cells’ lead parts affected the feed channel 
pressure drop most severely and earliest. Feed channel pressure drop increase 
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over the lead test cell affected negatively the performance of the downstream 
test cells: The tail parts showed a moderate decline for the permeability (flux) 
and salt rejection.  
 
 The feed channel pressure drop is a suitable biofouling monitoring parameter, 
enabling early detection. Salt rejection was not a suitable control parameter. It 
was only moderately impacted by biofilm formation, but influenced by several 
process parameters. 
 
 Reducing the concentration of biodegradable nutrients as feed to the membrane 
installation would be a suitable strategy to restrict biofouling. 
Biofiltration as pre-treatment prior to reverse osmosis systems:  
 Biofiltration successfully improved the filtrate quality of secondary effluents. It 
reduced the load of substances reportedly contributing to fouling in subsequent 
membrane processes.  
 
 Biopolymers of secondary effluents were identified to be completely 
biodegradable and of colloidal size, emphasizing the contribution of biopolymers 
to organic fouling, biofouling and colloidal fouling. 
 
 Both filtration and adsorption mechanisms did not contribute to retain 
biopolymers and dissolved organic carbon within the biofilter. The removal of 
these organics was suggested to be caused by biodegradation. 
 
 The improving effect of biofiltration as pre-treatment on membrane performance 
of a subsequent reverse osmosis unit was not as large as expected, although 
both biofouling and organic fouling reduced on the membrane. The foulant 
composition on the membrane was different with biofiltration as pre-treatment 
compared to no pre-treatment; most probably reason for the marginal 
improvements in membrane performance. Organic fouling was dominating. 
 
 The successful application of biofiltration as pre-treatment is highly depending 
on the feed water source and foulant layer formation. For the present case 
biofiltration as stand-alone pre-treatment is not recommended; a combination of 
biofiltration with subsequent e.g. flocculation and UF would be more beneficial. 
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6.2 Outlook 
Further studies are recommended to increase insights on biofouling characterization 
and pre-treatment optimization. However, the following selection of investigations is 
suggested as most relevant: 
(1) The presented test cell set-up can be used to increase the knowledge on 
biofouling development: (i) The correlation of membrane performance data with 
foulant composition, amount and characteristics, as well as feed and 
concentrate characteristics is therefore beneficial. (ii) It is suggested to combine 
the set-up with further analytical techniques, such as optical coherence 
tomography, biofilm staining or oxygen measurements in order to gain deeper 
insights on foulant formation and its impact on membrane performance. 
 
(2) The test cell set-up was revealed to have representative conditions similar to 
those in SWM. Additional studies are suggested, which should be performed 
under operational conditions as in practice, such as constant flux mode. In 
addition, more insight can be gained by applying the test cells within a real 
wastewater reuse plant (e.g. in parallel to pressure vessels). The test cell can 
be used to reveal fouling potential of certain reverse osmosis stages of the plant, 
and to verify control and cleaning techniques. 
 
(3) It was shown, that applying biofiltration as pre-treatment on secondary effluents 
changed the composition of the fouling layer on the subsequent RO. The effect 
of foulant layer composition on permeate production efficiency and salt rejection 
need to be studied in more detail.  
 
(4) Regarding the feed water composition, as it was given in the present study, the 
use of biofiltration as stand-alone pre-treatment prior to the RO was not as 
successful as expected due to organic fouling. In order to treat waters like that, 
other pre-treatment schemes are suggested and need to be verified, such as 
(i) Flocculation + Ultrafiltration + RO or (ii) Biologically Activated Carbon 
Filtration + RO.  
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Appendix A: Supplementary material for  
A Membrane test tell for characterizing fouling and monitoring all 
performance parameters at scale of industrial modules (Chapter 3) 
1. Description of the system and components of the LCMTC 
Each test cell consists of the materials listed in Table A1. The following Figure A1 
shows the connection of the devices and components. 
Table A1:  Equipment and components of the LCMTC. 
No Component Material/ remarks Quantity 
1 Bottom lid PMMA, see drawing no 1 1 
2 Top lid PMMA, see drawing no 2 1 
3 Metal frame Stainless steel, see drawing no 3 2 
4 Inlet opening Stainless steel, see drawing no 4 2 
5 Inlet pipe Stainless steel, see drawing no 5 2 
6 Sealing Aramid yarn, see drawing no 6 1 
7 
Permeate outlet 
porous plate 
Stainless steel, 20 µm pore size                
19.05x1.57 [RxH / mm] 
5 
8 Permeate spacer 
As delivered from manufacturer, 
40x180//181x0.3 [WxLxH / mm] 
5 
9 Feed spacer 
As delivered from manufacturer 
40x910x0.787 [WxLxH / mm] 
1 
10 
Connectors for 
feed pipe / 
permeate tubes 
Stainless Steel – pipe coupling, 
polyvinylidene fluoride (PVDF) – 
hose connection   
2 / 5 
11 Screws 
Stainless steel, M12 (strength 
category 8.8) 
44 
12 Threaded rod 
Stainless steel, M12 (strength 
category 8.8) 
8 
13 Plain washer Stainless Steel  104 
14 Screw nut Stainless Steel M12 64 
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Figure A1: Composition of the LCMTC and its components. 
 
2. Dimensioning of the LCMTC and mechanical stability 
The requirements for the LCMTC were: 
 Chemical and mechanical stability 
 Applicable for high pressure membrane applications  
 Industrial scale dimension 
 Visualizing the flow process 
2 most relevant options for material choice were identified: PMMA (acrylic glass) or 
stainless steel. PMMA was the choice for us, especially because of allowing visual 
observation of the flow. Stainless steel is also possible, with good material strength for 
high pressures. However, stainless steel plates would create a huge weight of the lids, 
making it more difficult to handle.   
Choosing PMMA as a plate material, several requirements regarding inner forces 
needed to be taken into account: 
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a. PMMA has quite a good bending strength. With a given thickness, it is stable 
for high pressures. Table A2 gives further safety factors for applied system 
pressures.  
Table A2:  Conditions: flat sealing Klinger C4400 1 mm; max. pressure 
resistance of PMMA: 70 N/mm²; screws: M12; 8.8 stainless steel, 
overlapping area of the sealing by 2 neighboring screws; 
Temperature 23°C. 
Applied system 
pressure [bar] 
Required* 
pressure 
sealing [N/mm²] 
Required torque 
[Nm] 
Resulting safety 
factor for PMMA                    
[ - ] 
10 11 14 5 
20 20 25 2.8 
30 26 32 2.1 
40 33 41 1.7 
50 44 55 1.3 
60 51 64 1.1 
*calculated by using the software KLINGER®expert provided by the sealing manufacturer (Klinger, Germany) 
 
 
 
b. 52 Screws have to be tightened to distribute the forces, in order to close the 
plates with the sealing properly. Stainless steel screws M12 (strength category 
8.8), were chosen. 
 
c. The force from the screws, keeping the system closed, is limited by the 
compressive strength of PMMA. The metal frames on the test cell spread the 
forces equally and furthermore prevent bending of the PMMA plates and 
enlarging of the channel when applying higher system pressures.  
The test cell is sealed with a flat sealing, as most feasible choice. The 
compression of the sealing can be determined; the height of the sealing 
contributes to the channel height of the feed channel.  
The channel height of the top plate is 0.337 mm. Additionally, the height of the 
sealing minus its compaction was considered. We chose a flat sealing of 
0.5 mm, with a compaction of ~10% (=0.05 mm) under the chosen conditions, 
resulting in 0.337 mm + 0.5 mm – 0.05 mm = 0.787 mm height of the feed 
channel. The use of other flat sealings gives possibilities to use spacers of 
different heights. 
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d. The stability of PMMA is dependent on temperature. Above 70°C, the stability 
of PMMA decreases by 50% compared to the stability at 25°C. This influences 
the maximum pressure stability and pressing forces onto the cell (see material 
data sheets of PMMA). 
 
 
 
3. Implementing of the LCMTC 
 
a. Installation 
The test cell should carefully be balanced and fixed on a steady stand. Inserting 
permeate spacer in the designated permeate segments needs to be done 
carefully, avoiding any overlapping! Membrane should be cut in the size of 
50 mm x 920 mm being slightly bigger than the sealing to avoid any leakage. 
Feed spacer should fit exactly in the sealing’s recess on top of the membrane. 
 
b. Closing of the test cells 
The test cell needs to be closed precisely. It is advised to tighten the screws in 
crosswise direction starting from the center to ensure properly distributed 
compaction of the sealing. 
For the stated components, material specifications, geometries and forces the 
maximum acceptable torsional moment for a save closing of the test cell was 
calculated and is given in Table A2. 
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4. Technical drawings of the constructed LCMTC components  
The technical drawings of the bottom plate, top lid, metal frame, inlet opening, inlet 
pipe and sealing appear on the following pages as listed below: 
Figure A2: Bottom plate, p. 129 
Figure A3: Top lid, p. 130 
Figure A4: Metal frame, p. 131 
Figure A5: Inlet opening, p. 132 
Figure A6: Inlet pipe, p. 133 
Figure A7: Sealing, p. 134 
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Figure A2: Bottom plate 
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Figure A3: Top lid 
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Figure A4: Metal frame 
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Figure A5: Inlet opening 
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Figure A6: Inlet pipe 
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Figure A7: Sealing 
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Appendix B: Supplementary material for  
Impact of biofouling development on membrane performance 
parameters: feed channel pressure drop, permeability and salt 
rejection (Chapter 4) 
1) Original data of biofouling affecting performance parameters in a long 
channel membrane test cell of 1 m length and in a pressure vessel 
(4 LCMTC’s of total 4 m length) 
 
Figure B1 Biofouling induced by substrate dosage affecting performance parameters 
in a membrane installation in one long channel test cell (0…1 m) and in 
4 membrane test cells in series (0…4 m). A+B) Feed channel pressure 
drop, C+D) Permeability development, E+F) Salt rejection. Error bars 
indicate standard deviation. 
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2) DOC concentration of feed prior to substrate dosage and concentrates 
for 1.0 mg C-acetate L-1, 0.3 mg C-acetate L-1, 0.1 mg C-acetate L-1 
 
Figure B2 DOC concentration in the feed water prior to substrate dosage and the 
concentrate after each test cell for one long channel test cell (0…1 m)  
A) 1.0 mg C-acetate L-1; B) 0.3 mg C-acetate L-1; C) 0.1 mg C-acetate L-1. 
Error bars indicate standard deviation. 
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3) Foulant deposits over one meter membrane length when dosing 
0.5 mg C-acetate L-1 and 0.1 mg C-acetate L-1  
 
Figure B3 Deposited organic carbon and ATP for (A+C) 0.5 mg C-acetate L-1 and 
(B+D) 0.1 mg C-acetate L-1 substrate dosage over the length of a 
membrane test cell. The test cells were operated for 6 and 12 days, 
respectively. Error bars indicate standard deviation.   
- 138 - 
4) Performance decline when dosing 1.0 mg C-acetate L-1 and 
0.3 mg C-acetate L-1 
 
Figure B4 Performance decline A and B) FCP, C and D) permeability, E and F) 
normalized salt rejection of studies with 1.0 mg C L-1 and 0.3 mg C L-1. 
Error bars indicate standard deviation (n=5).  
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Appendix C: Supplementary material for  
Biofiltration as a pre-treatment for RO desalination: 
Characterization and impact on RO membrane performance 
(Chapter 5) 
1) Determination of the pasteurization procedure - Inactivation of bacterial 
cells of the biofilter via pasteurization 
Flow Cytometry analysis enables to distinguish between viable and dead biomass 
(intact and damaged cells). In order to pasteurize microbes the effect of 3 temperatures 
(70°C, 80°C and 90°C), and 4 pasteurization intervals (0.5 min, 30 min, 60 min and 
90 min) were investigated. For each temperature and each pasteurization period as 
well as the blank sample one Eppendorf tube was filled with 1 mL of secondary 
effluents. They were heated in a water bath according to the chosen temperature and 
time and then analyzed for intact and damaged cells. One population (P2) was chosen 
to demonstrate the heat inactivation. The results are shown in Figure C1. 
 
Figure C1  Heat inactivation of intact cells of population P2 (secondary effluents). 
Error bars indicate method standard deviation.  
The higher the temperature and the longer the heat inactivation was performed, the 
more intact cells were inactivated. Only at 0.5 minutes the 80°C sample shows lower 
intact cells compared to the 90°C sample, which might have resulted from improper 
handling of the sample in the water bath (distance to the heating element). For the 
pasteurization procedure, a temperature of 80°C and a period of 60 minutes was 
chosen. At 80°C, a stable inactivation was achieved. Though at 90°C less intact cells 
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were found, the temperature of 90°C bears a greater risk of cell lysis, which was 
indicated by a huge number of injured cells from the flow cytometry analysis (data not 
shown). This was unwanted, as it was desired to analyze biopolymers. Cell fragments 
from lysed cells might influence the biopolymer concentration disadvantageously. It 
was further chosen to use a period of 60 minutes for inactivation in order to be sure of 
full inactivation of the cells within the biofilm on the support media of the biofilter. 
2) Calibration of the LC-OCD size exclusion column HW65S with polymer 
standards and biopolymers size determination 
The LC-OCD method enables the fractionation and quantification of organic 
compounds. With the chromatographic column HW50S of the LC-OCD-device the size 
of biopolymers can only be estimated as larger than 20.000 Da [136, 192]. For further 
concretization of the biopolymer size an additional chromatographic column HW65S 
with larger pores was added to the LC-OCD device. With the HW65S column a 
calibration with biopolymers (dextran standards) was performed. Figure C2 shows the 
retention times of the dextrans. 
 
Figure C2  Calibration curve of dextrans and proteins with LC-OCD column HW65S. 
One additional standard (blue dextran) was added from literature [192]. 
The retention times of the used dextran standards were in accordance with the 
retention times of pullulans of comparable size from a calibration performed by the 
manufacturer of the LC-OCD- system (given in  [192]). There, the same device and the 
same size exclusion column was used. Only minor variations between the retention 
times of the used dextrans of our study and the pollulans of their study were found: 
2-3 minutes for pullulans <70.000 Da and ~5 minutes for pullulans >70.000 Da. The 
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retention time also varied for the dextran of 2 Mio Da and the blue dextran standard 
(2 Mio Da). Blue dextran is a different chemical compound as dextran and can thus 
eluate at a different time due to other chemical interactions between the cat-ionic size-
exclusion column of the LC-OCD device. 
For further comparison, proteins with known molecular weight were measured with the 
column HW65S and their retention time was added to the diagram. The low error of 
the logarithmic regression proves the reliability of the data.  
3) Biofiltration, biodegradation, adsorption and filtration of DOC fractions 
from secondary effluents 
Table C1:  Relative amount of DOC fractions of secondary effluents in different 
treatments.  
 
Initial  
(raw sec. 
effluents, 
untreated)* 
Biode-
gradable 
(batch) 
Biofiltered 
(columns) 
Adsorbed 
(past. 
biofilm, 
batch) 
Filtered 
(past. 
biofilm, 
columns) 
unit [mg L-1] [%] [%] [%] [%] 
DOC 8.6 43.6 17.5 5.1 0.4 
Biopolymers  0.6 99.1 73.8 3.0 1.1 
Humic Substances  3.1 20.3 8.1 6.2 12.9 
Building Blocks 1.5 39.1 15.3 -12.9** 4.9 
LMW substances  1.9 51.2 19.3 14.1 7.3 
Hydrophobic 
organics 
1.5 52.2 15.0 10.1 -18.4** 
DOC [%] 100.0 43.6 17.6 5.1 0.4 
Consisting of:      
Biopolymers  8.4 8.3 6.2 0.2 0.1 
Humic Substances  31.8 6.5 2.6 2.0 4.1 
Building Blocks 16.9 6.6 2.6 -2.2 0.8 
LMW substances  21.7 11.1 4.2 3.1 1.6 
Hydrophobic 
organics 
21.1 11.0 3.2 2.1 -3.9 
past.= pasteurized 
*The initial DOC concentration here is an average value originating of the secondary effluents used for the 
biodegradation experiments.  
**The negative values of adsorbed LMW substances and filtered hydrophobic organics mean a release of these 
substances. This might be caused due to the pasteurization of the columns and release of organic 
material.  
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4) ATP concentration over filter bed depth (bulk)  
 
Figure C3 ATP concentration in bulk of the biofilter. Error bars indicate method 
standard deviation.   
5) Fluorescence microscopy for foulant analysis 
Method description 
Foulants on membrane and spacer were stained with the fluorochrome SYBR Green 1 
(stock solution: 10,000 x SYBR Green 1 in DMSO, Life Technologies GmbH, of 1:100 
DMSO dilution, Sigma Aldrich). Spacer and membrane of test cell 1 and 4 were 
carefully cut in pieces of 1 cm². Test cell 1 is the first one in series (0…1 m) and test 
cell 4 is the last one (3…4 m) of the test cells operated in series. For both cases, 
membrane and spacer material were taken from the second segment (30…40 cm) of 
the test cell. The membrane and spacer material was placed separately on a 
microscope slide. 2 drops of the fluorochrome working solution (10 µL SYBR Green 1 
stock solution in 990 µL DMSO) were placed on the sample, the sample was fixed and 
incubated for 15 minutes at room temperature (23°C) in darkness. Antifading reagent 
Vactashield© (Vector Laboratories, Inc., USA) was added and the samples were 
processed subsequently in order to avoid fading of the dye. A Leica DM6000 B 
microscope with was used.  
Results 
In Figure C4 and Figure C5 the stained biomass on the RO membrane, as well as on 
the spacer for the experiment without biofiltration as pre-treatment (Figure C4) and 
with biofiltration as pre-treatment (Figure C5) is shown.  
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Figure C4  Stained biofilm on the membrane and the spacer of the experiment without 
pre-treatment. The numbers 1 and 4 indicate the position of the test cells 
used in series, whereas 1 refers to 0…1 m and 4 refers to 3…4 m of 
membrane length.  
The biomass on both spacer and membrane for the experiment without biofiltration 
was more voluminous, less distinct and included many bacterial chains and 
aggregates. On contrary, less bacteria, rather singularized and more distinct biofilm 
was present. The data support the results for ATP and cell count presented in the 
chapter. 
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Figure C5  Stained biofilm on the membrane and the spacer of the experiment with 
biofiltration as pre-treatment. The numbers 1 and 4 indicate the position of 
the test cells used in series, whereas 1 refers to 0…1 m and 4 refers to 
3…4 m of membrane length. All foulant layers were taken at 0.3…0.4 m of 
each test cell. 
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6) Performance parameters over RO module length and time 
Figure C6 shows a length depending overview of the performance parameters 
permeability, feed channel pressure drop and salt rejection. Feed channel pressure 
drop (Figure C5, B1, and B2) demonstrated that higher FCP was found at the first part 
of the test cells. However, for the permeability and the salt rejection no distinct trends 
were identifiable.  
 
Figure C6 Development of RO performance parameters over length and time using 
(1) raw secondary effluents (without biofiltration as pre-treatment), and (2) 
biofiltered secondary effluents. (A) Normalized permeability; (B) Feed 
channel pressure drop; (C) Salt rejection. Error bars indicate method 
standard deviation. 
